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ABSTRACT 

This study investigates the structures, energetics, and unimolecular reactions of glutathione 

complexes with various metal cations, including alkali metals, alkaline earth metals, transition metals, 

and heavy metals. Using sustained off-resonance irradiation collision-induced dissociation (SORI-CID) 

and infrared multiphoton dissociation (IRMPD) spectroscopy, combined with computational 

techniques, the research explores the coordination chemistry and dissociation dynamics of these metal-

GSH complexes. Additionally, the study examines the dissociation behaviors of protonated amino acid-

GSH complexes, correlating these findings with proton affinity data and kinetic parameters.  

Chapter 2 explores SORI-CID and IRMPD (or vibrational) spectroscopy results for [M(GSH)]+ 

complexes (where M is an alkali metal cation), highlighting differences in fragmentation behaviors 

linked to metal size and charge density. The study reveals that smaller cations like Li+ and Na+ lead to 

extensive fragmentation of glutathione, whereas larger cations like Rb+ and Cs+ predominantly result in 

the loss of glutathione itself. The lowest energy alkali metal-glutathione complexes are tetracoordinated, 

with the metal binding to the amino nitrogen and three carbonyl oxygens, while O2 interacts with the 

thiol and forms a hydrogen bond with the amine. The vibrational spectra for these structures are in good 

agreement with experimental IR spectra. 

In Chapter 3, the fragmentation patterns of doubly charged metal glutathione complexes are 

analyzed. SORI-CID results for metals including Mg²⁺, Ca²⁺, and Zn²⁺ reveal fragmentation pathways 

such as the loss of water, ammonia, and pyroglutamic acid. The IRMPD spectra and computational 

models offer detailed structural insights, showing that metal coordination affects the binding geometry 

and stability of these complexes. 

Chapter 4 investigates the dissociation dynamics of protonated glutathione complexes with 

various amino acids using BIRD experiments. Temperature-dependent studies reveal that arginine, with 
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its high proton affinity, shows the most rapid dissociation, while lysine exhibits slower kinetics. The 

findings underscore the influence of amino acid side chain properties on dissociation mechanisms and 

provide a comprehensive understanding of their stability and reactivity. 

Overall, this thesis integrates experimental and computational approaches to elucidate the 

structural and dynamic properties of metal-GSH and amino acid-glutathione complexes, offering 

valuable insights into their fragmentation patterns, structural configurations, and reactivity under 

varying conditions.  
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1 Chapter 1 - Introduction and Overview 

 

1.1 Glutathione 

The tripeptide, L-γ-glutamyl-L-cysteinyl-glycine, known as glutathione (GSH) (Fig. 

1.1), is made up of three amino acids: glutamic acid, cysteine, and glycine, and it is the most 

abundant non-protein sulfhydryl widely dispensed in eukaryotic cells [1] with cellular 

concentrations ranging from 0.5–10 mM [2]. GSH, is a critical low molecular weight 

antioxidant that is synthesized in cells [3]. It is present in its reduced form over 90% of the 

time. The oxidized form of GSH, glutathione disulfide (GSSG), is also present in microbial 

cells, tissues, and plasmas [4]. The GSH molecule contains many basic sites, including two 

carboxyls, one thiol, one amino, and two pairs of carbonyl and amide sites making up the two 

peptide bonds, all which can coordinate with both hard and soft metal cations to form a stable 

complex [5, 6]. Hence, the coordination chemistry of GSH acts as a model system for the 

binding of metal ions of larger peptide and protein molecules and whose study is of significant 

importance [7]. 

 
Figure 1.1: The structure of glutathione (GSH, L-γ-glutamyl-L-cysteinyl-glycine). 
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Although GSH plays various important roles in many physiological processes, the general 

functions of GSH can be divided into three main categories: serving as an antioxidant, an immunity 

booster, or a detoxifier in higher eukaryotic organisms [8].  

 
Figure 1.2: The structure of oxidized glutathione. 

A variety of processes can result in the oxidation of GSH under conditions of marked 

toxicity or oxidative stress to form the oxidized form, GSSG [9, 10] (Fig. 1.2). First, based on 

the relatively high intracellular concentration of GSH and its powerful electron-

donating properties, it helps to maintain a reduced cellular environment. As such, it works as 

an essential antioxidant in living cells to protect DNA, proteins, and other biomolecules against 

various oxidants, free radicals, and cytotoxic agents [11]. GSH has antioxidant activity 

throughout the entire body due to its solubility in fat and water [12]. Second, GSH is a key 

player in the immune system via white blood cell production and is known as an effective anti-

viral agent. Finally, GSH coordinates to exogenous electrophiles and diverse xenobiotics 

accomplishing detoxification of the cell. In fact, an important role of GSH is removing 

metabolic waste in the liver’s detoxification system, as well as in the complexation and 

elimination of some toxic metals from organisms [13]. Transporting amino acids into cells is 
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also an important role of GSH [1]. Indeed, GSH is considered the most powerful, versatile, and 

important self-generating defense molecules [11]. 

In 1888, GSH was discovered by J. de Rey-Paihade as a 

substance extracted from yeast by ethanol and was referred to as “philothion.” After further 

assessment of its molecular structure in 1912, it was renamed glutathione [14]. In 1929, 

Hopkins proposed that cysteine, glutamate, and glycine form the tripeptide glutathione. The 

structure of glutathione, which is γ-glutamate-cysteine-glycine, was confirmed by Harington 

and Mead in 1935 through chemical synthesis from N-carbobenzoxycystine, and glycine ethyl 

ester [15]. GSH can be formed by chemical synthesis, enzymatic catalysis, microbial 

fermentation, or genetic/metabolic engineering. A GSH can be yielded from enzymatic 

production and genetic/metabolic pathways [16, 17], but their industrial applications are 

limited due to the relatively high cost of three precursor amino acids. The synthesis of GSH 

via chemical methods and microbial fermentation pathways were commercialized in the 1950s 

and 1980s, respectively. Chemical synthesis results in a racemic mixture of the D- and LGSH, 

so separation is required to purify the physiologically active L-form from its D-isomer [18].  

The biosynthesis of glutathione from its constituent amino acids involves the 

combination of cysteine with glutamate to produce c-glutamylcysteine. This process is 

catalyzed by glutamate-cysteine ligase (GCL) and called glutamylcysteine synthetase [3] (Fig. 

1.3). In the next step, the enzyme glutathione synthetase catalyzes the addition of glycine to 

the dipeptide to produce GSH (c-glutamylcysteinylglycine). Both stages of GSH synthesis 

require coupling to ATP hydrolysis to drive peptide bond formation [1, 19, 20]. Since hydrogen 

peroxides are released during autooxidation, simple thiols like cysteine function as a cellular 

toxin, so the autooxidation can be slowed by blocking the cysteine amino group in g-glutamyl-
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cysteine formation [21]. So, linking glycine to the γ-glutamyl-cysteine dipeptide by GSH 

synthetase to form GSH enhances resistance to autooxidation [22]. Additionally, more 

extended carboxyl sites are provided in this reaction for substrate recognition and active site 

by many GSH-dependent enzymes [21].  

 
Figure 1.3: Glutathione synthesis. The sequential ATP-dependent formation of amide bonds between cysteine 

and the γ-carboxyl group of glutamate and then between glycine and cysteine are shown. 

 

It has been demonstrated that several human disease states, including HIV infection, 

liver cirrhosis, pulmonary diseases, gastrointestinal and pancreatic inflammations, diabetes, 

neurodegenerative diseases, and aging, have been associated with GSH deficiency [11]. GSH 

has been widely used in the pharmaceutical industry and can be used in food additives and the 

cosmetic industry [23]. In the human body, the antioxidant properties of glutathione are well 

known for their ability to scavenge physiological free radicals [24]. Changes in the GSH has 

been observed in patients with Alzheimer’s disease [25, 26], Parkinson’s disease [27, 28], 
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diabetes mellitus [29, 30], atherosclerosis [31, 32], arthritis [33], epilepsy [34], aging [35], and 

numerous types of cancer [36]. 

Overproduction of free radicals in the brain can cause oxidative damage [37]. 

Millimolar concentrations of GSH in the brain play a pivotal role in protecting cells from 

oxidative damage [38]. For instance, an alteration in GSH homeostasis can enhance oxidative 

stress that has been linked to various neurodegenerative diseases, such as Parkinson’s disease 

(PD). With a prevalence of approximately 1% over the age of 65, PD is a progressive 

neurodegenerative disorder characterized by impaired motor and cognitive functions [39]. 

Lower GSH concentrations in plasma, whole blood, and gastric mucosa [40] indicate 

antioxidant defence impairment which has been seen in the elderly [41]. Calvin A. Lang et al. 

(2000) [42] revealed a link between age-related chronic illnesses in older people to their blood 

glutathione concentrations. The elderly individuals with lower GSH levels become more 

susceptible to diseases compared with elderly individuals with normal GSH concentrations 

[42].   

In addition, the higher concentration of GSH in liver cells is congruous with its acting 

as a major detoxifying organ of the body. Several genetic diseases associated with altered GSH 

synthesis and metabolism can significantly disrupt liver function and can be conditionally 

lethal in some instances. In humans, hepatic intracellular GSH levels range from 0.5 to 10 mM, 

maintained by using the regular dietary intake of precursor sulfur-containing amino acids [43, 

44]. 

Considering the importance of glutathione roles in antioxidant defence, nutrient 

metabolism, and regulation of cellular events, and also its interaction with other biologically 

important molecules such as enzyme active sites, metal cations, other proteins, peptides, and 
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amino acids, this work aims to understand the structures and thermodynamics of metal cation 

chelation to glutathione in addition to identifying the molecular level details of interactions 

between these species. 

1.2 Metals 

Metal ions play vital structural and functional roles in all life. They are essential in 

biological processes such as osmotic regulation, catalysis, metabolism, and cell signaling and 

have many functions in biochemistry [45]. Metal ions with high electron affinity can 

significantly promote several chemical processes, including bond cleavage and formation, 

electron transfer, and radical reactions [46, 47].  

Essential metal ions in human body fluids include alkali metal ions, especially sodium 

(Na+) and potassium (K+) [48]. The most abundant cation in the extracellular fluid is Na+, and 

it is a key player in maintaining the right balance of fluids and electrolytes. It plays a part in 

regulation of blood volume, pressure, osmotic equilibrium, and pH values. On the other hand, 

K+ concentration is greater inside human cells. The biological roles of K+ are similar to those 

of Na+, including maintaining fluid and electrolyte balances, acid-base homeostasis, systemic 

blood pressure control, hormone secretion and action, glucose and insulin metabolism, and 

neurotransmission [45]. The action potential is a voltage caused by differences between the 

concentrations of sodium ions and potassium ions in extracellular and intracellular fluids and 

is critical for body functions such as neurotransmission, muscle contraction, and heart function 

[49]. 

Next-most-abundant metal ion in living cells is Mg2+. Protein synthesis, muscle and 

nerve function, blood glucose control, and blood pressure regulation are biochemical functions 

that require Mg2+ as a cofactor in the human body [50]. Ca2+ is the fifth most abundant element 
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found in the human body with ninety-nine percent of all calcium in the body is present in bones 

and teeth. The remaining 1% is found in the blood and soft tissue where Ca2+ plays a role as a 

secondary messenger in cell-signalling pathways [51, 52]. They are responsible for 

vasoconstriction and vasodilation, nerve impulse transmission, muscle contraction, and the 

secretion of hormones like insulin. In addition, calcium ions act as a cofactor for many enzymes 

in several coagulation factors. The alkaline earth metal ions, Ca2+ and Mg2+, are critical 

messengers in cell signalling, including neurotransmission. They are also involved in enzyme 

function [50, 53]. One biological viewpoint is that alkali and alkaline earth metal ions are 

attached to proteins under physiological conditions [54]. Alkali and alkaline earth metal ions 

bound to proteins serve several functions of living systems, such as regulating enzyme activity, 

stabilizing biological membranes, and transporting glaucids and amino acids to proteins 

through transmembrane channels [55, 56]. 

Manganese ion (Mn2+) is implicated in the formation of reactive oxygen species and 

their subsequent reactions with macromolecules such as proteins, lipids, polysaccharides, and 

nucleic acids resulting in changes to membrane fluidity, loss of enzyme activity, and genomic 

damage [57]. There is some evidence that shows a link between exposure to manganese and 

the development of neurologic impairment resembling Parkinsonism [58] or epilepsy [59]. Iron 

is classified as the most common and abundant transition metal in the human body with two 

biologically relevant oxidation states, the ferrous form (Fe2+) and the ferric form (Fe3+). The 

essential roles of iron in many biological processes [60] are oxygen transport, energy 

production, DNA synthesis, as well as cell growth and replication through iron-dependent 

proteins. In addition, iron-sulfur (Fe-S) clusters are ubiquitous protein cofactors associated 

with energy production, DNA synthesis, and DNA replication and repair [61]. Cobalt is 
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essential to humans, as it is found at the center of vitamin B12 [62]. However, higher cobalt 

concentrations can be induced by the generation of reactive oxygen species and their 

carcinogenic properties [63]. While intracellular nickel plays an essential role in the 

functioning of the human body, by increasing hormonal activity and involvement in lipid 

metabolism, the accumulation of Ni(II) can transform normal human cells into cancer cells 

[64]. The intracellular GSH concentration is an important factor in increasing cellular 

resistance to Ni(II) [65]. Copper, an essential trace dietary metal, is present mainly in the liver, 

muscles, and bones of the human body [66], and it helps with the proper growth, development, 

and support of bones, connective tissues, and many organs in the body such as the brain and 

heart. Also, it is necessary for red blood cell formation, iron metabolism, cholesterol and 

glucose metabolism, and the synthesis and release of life-sustaining proteins and enzymes. In 

addition, the immune response to fight infections, repair injured tissues, and promote healing 

can be supported by copper [67]. Although copper has an essential role in many biological 

processes, it is also important in bioorganisms. Excess copper can cause damage to lipids, 

nucleic acids, and proteins by enhancing the level of reactive oxygen species (ROS) [64, 68]. 

Zinc is one of the highest concentration transition metals in the human body and it is the most 

abundant within the brain. While Zn2+ is vital for cellular function, sustained increases in free 

Zn2+ levels lead to a cell death mechanism and mitochondrial dysfunction by Zn2+-induced loss 

of cellular antioxidant capacity with depleting cellular GSH [69]. As the chemical behaviors 

of the transition metal ions is changed inside the cell, it can become toxic and disrupt the 

biological systems [70, 71]. Transition metals such as Fe2+/Fe3+, Zn2+, and Cu2+ act as a part 

of the of proteins and enzymes or enzymes activators, so they are involved in many vital 
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biological processes including oxygen transport, energy production, neurotransmission, gene 

expression and regulation, and a synthesis of important type of molecules [60, 72]. 

One of glutathione’s roles is protecting against Cd2+ toxicity by forming Cd2+-GSH 

complexes [73]. Cadmium, a highly toxic metal, leads to selective toxic effects on olfactory 

neurons, causing loss of the ability to smell [74]. The toxicity of mercury (elemental, inorganic, 

and organic forms) and its ability to bind covalently to sulfhydryl groups are well known [75]. 

Studies have been undertaken to demonstrate Hg2+ binds strongly to a ligand sulfur donor 

group [76]. Binding Hg2+ with the SH group adversely effects on the activity of proteins and 

enzymes with free-SH groups [77, 78]. Also, lead, a highly toxic heavy metal, can cause 

different neurobehavioral syndromes [79]. Glutathione is an SH-containing chelating agent 

and forms a mercaptide bond with heavy metal ions like Zn2+, Cu2+, Cd2+, and Pb2+, preventing 

further redox cycling and the generation of free radicals [80, 81]. Indeed, GSH is an essential 

component for redox balance in the cell. 

Over the past decade, there has been extensive investigation on the interactions of Li+, 

Na+, K+, Cs+, Rb+, Mg2+, Ca2+, Sr2+, and Ba2+ with biological molecules, such as amino 

acids,[82-85] cytidine,[86] nucleic acid bases, etc. [87-94]. These interactions are interesting 

because of a key role of metal cations in the folding and stability of large DNA and RNA 

molecules and complex protein structures [95-97]. Some research illustrates the stabilizing 

effect provided by metal ions to the structure of DNA and RNA when a metal ion interacts 

with a phosphate group of the nucleic acid chain due to charge neutralization and noncovalent 

interactions with the phosphate backbone of the nucleic acid [98-100]. Liu et al. (2013) [54], 

studied the complexes of GSH with alkali (Li+, Na+, K+) and alkaline earth (Be2+, Mg2+, Ca2+) 

metal cations using the B3LYP/6-31G(d,p) density function method. They showed that the 
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coordination behaviors of the alkali and alkaline metal ions with GSH are similar. The cations 

prefer to coordinate with the N atom of NH2 and the O atom of the carboxylic and the carbonyl 

groups to form pentacoordinate structures as the lowest energy structure [54]. The bonding 

between some metal cations such as Li+, Na+, K+, Mg2+, and Ca2+ with proteins under 

physiological conditions, have received the attention of biologists because they are involved 

in several functions of living systems such as regulating enzymes, stabilizing biological 

membranes, transporting glaucids, and amino acids to proteins through transmembrane 

channels [55, 56, 101] . 

In the investigation of complexes formed by glutathione (GSH) with metal cations such 

as Cr2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, and Hg2+ using density functional theory 

(DFT), Liu et al. (2014) [102], revealed the effect on the binding energy of the interactions of 

GSH-metal cations in nine different stable complexes. In general, the binding energies of GSH 

to metal cations in the same period is in the following order: Cu2+ > Ni2+ > Co2+ > Fe2+ > Cr2+ 

> Zn2+ > Mn2+; although the binding energies decrease down through the groups of the periodic 

table in order of Zn2+ > Hg2+ > Cd2+. Moreover, sulfur and nitrogen transfer more charge to 

transition metal cations than O atoms. Additionally, while the bond length ranks in the order 

of M-S > M-N > M-O as a general trend, it decreases from Cr2+ to Hg2+. Furthermore, the 

values of the Wiberg bond indices (WBIs), which are used to compare bond densities, showed 

that WBIs of M-S (M denotes metal cations) were larger than M-N and then M-O for Fe2+, 

Co2+, Ni2+, Cu2+, Zn2+, Cd2+ and Hg2+ complexes; while for Cr2+ complexes, the most of the 

M-O bond WBIs were higher than those of M-S and M-N [102]. 

The electron shells in alkali and alkaline earth metal ions are generally classified as 

hard metal cations. They are spherically symmetrical and cannot be polarized easily. These 
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cations tend to have electrostatic interactions with their ligands having donor atoms such as 

oxygen or nitrogen. In contrast, ‘soft’ cations such as Cd2+ and Pb2+ have a soft electron cloud 

that is easily polarized. They form an electrostatic interaction with donor atoms with similar 

properties, such as sulfur. The affinity of metal ions to thiol groups has been reported in order 

of Cd2+ > Pb2+ > Cu+/Cu2+ by Połeć-Pawlak et al. (2007) [103], is confirmed by the hard-soft 

acid-base (HSAB) theory [104]. Transition metal ions typically have intermediate character, 

although some cations, like Cr3+ and Fe3+, show a high oxygen affinity, whereas others, like 

Mn2+, have a relatively low tendency to form bonds [105, 106]. 

1.3 Amino acids 

Recently, the characterization of non-covalent complexes formed from small molecules 

and biomacromolecules, such as proteins, polypeptides, and oligonucleotides [107-109], has 

attracted significant interest considering their potential application in pharmacology. The non-

covalent interactions of proteins with other components existing in living cells define their 

biological function. These non-covalent interactions are investigated to figure out the cellular 

processes in healthy or disease states [110, 111]. 

Organic compounds containing both basic (-NH2) and acidic (-COOH) functional 

groups, along with a generic side chain (R group), are called “amino acids” are the basic units 

of proteins. A series of amino acids are joined together by peptide bonds to form a polypeptide 

or protein. More than 500 amino acids have been identified naturally, but only 20 amino acids 

are encoded by the universal genetic code. Others occur in living organisms but are not found 

in proteins or are not produced directly by regular cellular processes [112]. 

In this thesis, GSH complexes with seven amino acids are studied. The amino acids, 

include the basic amino acids arginine (Arg), lysine (Lys), and histidine (Hys); Arg contains a 
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guanidine group and is produced from citrulline in all cell types. Its major functions include 

cell division, wound healing, removing ammonia from the body, and immune function. Lys 

has an amine side chain and is an essential amino acid which must be obtained from the diet. 

The main role of Lys is as a building block in protein synthesis. His has a heterocyclic 

imidazole side chain and is also an essential amino acid with unique roles in proton buffering, 

metal ion chelation, reactive oxygen and nitrogen species scavenging, erythropoiesis, and the 

histaminergic system.  

Two structurally similar neutral amino acids with polar side chains, asparagine (Asn) 

and glutamine (Gln), are also studied. Gln is abundant as a free amino acid in plasma and is 

used in the intercellular synthesis of GSH by conversion to glutamate. Asn and Gln play an 

essential role in supporting growth, proliferation, and survival of cancerous cells.  

Two acidic amino acids, aspartic acid (Asp) and glutamic acid (Glu) were also 

complexed with GSH in this work. Both have regulatory roles in nutrition, energy metabolism, 

and oxidative stress (Fig. 1.4) [113]. 
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Figure 1.4: The structure of Amino acids Arginine, Lysine, Histidine, Asparagine, Glutamine, Aspartic acid, 

and Glutamic acid). 

Non-covalent interactions between GSH and eight common amino acids found in the 

human body were investigated by Dai and coworkers in 2008 [114]. In this paper, collision-

induced dissociation (CID) in a tandem mass spectrometer is produced by electrospray 

ionization mass spectrometry (ESI-MS) to examine the binding of GSH-amino acid 

complexes. Their ESI mass spectra demonstrate that the noncovalent interactions between 

GSH and amino acids such as Met, Phe, Tyr, Ser, and Ile are of differing strengths. Afterward, 

the improved calculation formula derived due to the existence of some oligomeric species, was 

used to obtain the dissociation constants of GSH binding to Glu, His, or Gln. Then the 

structural information provided from Fourier transform ion cyclotron mass spectra for GSH-

amino acids complexes illustrated that amino acids may bind to the thiol (–SH) group of Cys 

or N-terminal amino group of Glu residue in glutathione by electrostatic attraction force [114]. 
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1.4 Experimental Methods 

The aim of this section is to introduce the experimental methods that have been used to 

study the intrinsic properties _in the absence of solvent_ of ion-molecule complexes in the gas 

phase. These experimental results were conducted in the laboratory to study the energetics, 

structures, and reactions of gaseous ions using a Bruker Apex Qe7 Fourier transform ion 

cyclotron resonance (FTICR) mass spectrometer at Memorial University of Newfoundland 

(Figure 1.6). There are at least four steps involved in most mass spectrometry experiments such 

as ionization, trapping, ion activation, and data analysis. The basic principles of 

instrumentation and techniques will be introduced in this section. The incorporation of ion 

dissociation methods such as collision induced dissociation (CID), infrared multiphoton 

dissociation (IRMPD), and blackbody infrared radiative dissociation (BIRD) are facilitated in 

the low-pressure environment of the FTICR. The mechanism of fragmentation involved in 

each method will also be discussed below. 

1.4.1 Determining the Structures of Biomolecules Using Mass Spectrometric 

Techniques.  

A mass spectrometer has three main parts: the ion source, the analyzer, and the detector. 

However, the nature of the sample determines the choice of the ion source and the suitable 

analyzer type. Different types of ionization sources, mass analyzers, and mass analyzer 

configurations have proven useful to study the physical chemistry of gaseous ions.  

1.4.1.1 Ion sources 

The first part of every mass spectrometer is the ion source. In the present work, 

electrospray ionization (ESI) has been used [115]. The first known use of an ESI source 

coupled with mass spectrometry was in 1968 by Malcolm Dole [116]. ESI is considered to be 
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a “soft” source of ions in that ions with low internal energy are transferred from solution to the 

gas phase. As such, ESI has been especially useful for the characterization of biomolecules by 

mass spectrometry.  

In ESI, ions are transferred from the solution to the gas phase under atmospheric 

pressure. After dissolving the sample in a proper solvent, it is injected into a thin conducting 

capillary at high voltage causing a strong electric field of around 106 V m-1 at the capillary exit. 

A Taylor cone is created from the assemblage of charge near the droplet surface at the capillary 

tip [117-120]. Charged droplets, containing analyte ions, are emitted from the Taylor cone in 

the presence of a strong potential applied between the capillary and the inlet of the mass 

spectrometer. Repulsive coulombic forces stress the droplets as they undergo evaporation of 

the solvent, causing splitting and the formation of smaller droplets. The desolvated ions are 

released to the gas phase and enter the mass spectrometer (Figure 1.5).  

 
Figure 1.5: Schematic of an electrospray ionization process for a positive ionization mode. 
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The ion source operates under high pressure, ~mbar, while mass analyzers operate in a 

high vacuum.     

1.4.1.2 Mass analyzers 

Ions are characterized based on their mass-to-charge ratio (m/z) in all mass analyzers. 

There are two main classes of mass analyzers. First is the beam type mass analyzer, for 

example, the time of flight (TOF). Second are the ion trapping mass analyzers, such as the 

quadrupole ion trap or Fourier-transform ion cyclotron resonance (FTICR), in which ions can 

be isolated and stored for relatively long periods to allow further probing manipulations of the 

ions such as activation processes [115]. The FTICR can be an ultra-high-resolution mass 

analyzer with great mass accuracy. It can be used to investigate fine isotope structures of 

proteins with masses up to 100 kDa and is used in wide-ranging applications. A high upper 

mass limit is one of the advantages of the FTICR mass analyzers, limited only by the radius of 

the ion trap. Other advantages of the FTICR include the mass resolving power and the larger 

number of ions trapped compared to other trapping devices [115, 121, 122]. One of the 

instruments used in this research is shown in Figure 1.6. 
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Inside the ICR cell, an ion with mass (m) moves in a circular trap of radius (r) in the 

presence of a uniform magnetic field (𝐵⃗ ) acting perpendicular to the velocity of the ion (𝑣⃗ ) 

with charge (q). So, the balanced of the ion’s centrifugal force by the Lorentz force (centripetal) 

is given by: 

                             
2mv

qvB
r

=                                 (1.1) 

Where q is the charge number, e is the elementary-charge constant. The frequency of 

orbit of an ion, called cyclotron frequency ( wc ), is expressed as: 

                             w
v

r

zeB

r
c = =

 

2
                          (1.2) 

ICR Cell Transfer Qh-Unit Source 

Gate Valve 

Collision Cell/ 

 Accumulation Hexapole Trap/Extract 
Ion Funnel 2 Ion Funnel 1 

ESI Capillary 

Skimmer 2 

Quadrupole 

Hexapole 

Skimmer 1 
Deflector 

3 mbar 

10-2 mbar 
10-2 mbar 

(Ar) 

10-8 mbar 

10-10 mbar 

Apollo II 

Ion Source 

Figure 1.6: Top: The OPO lasers/Bruker Apex Qe 70 FTICR-MS located at Memorial University [89], Bottom: The 

schematic of the Bruker Apex Qe 7.0 T FTICR-MS used with permission from [90]. 
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and the angular frequency is: 

                w v
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Upon rearranging, the m/z is obtained: 

                                
m

z
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                                (1.4) 

Hence, the m/z is determined by the measured frequency of the ions’ rotation in the ICR cell 

[123]. 

Ions are trapped in the xy or radial direction in the presence of the magnetic field, and 

an electric potential is applied to trapping plates at both ends of the ICR cell, leading to trapping 

ions in the third dimension (right side of Figure 1.7). The left side of Figure 1.7 illustrates 

confining 𝐵⃗⃗⃗  ⃗ ions in its circular trajectory of ions and in the xy direction by applying a magnetic 

field. 

 

Figure 1.7: A schematic of the side view of a cylindrical geometric FTICR mass analyzer in a strong magnetic 

field. 

 

There are three pairs of plates in the ICR cell, or analyzer cell, of the FTICR, depicted 

in Figure 1.8-a. As discussed above, two end cap trapping plates keep the ions constrained 

axially by applying a small potential voltage. There are two excitation plates to which a radio 
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frequency (RF) electric field is applied. This RF potential accelerates the trapped ions causing 

an increase in their radius of orbit and velocity (Figure 1.8-a) while maintaining their 

characteristic frequency of orbit.  

 

Figure 1.8: a) A schematic of the cross-section view of an FTICR mass analyzer located within a strong 

magnetic field and b) the procedure of converting the time domain transient of raw data to the frequency 

domain and then calibrated regarding m/z. 

 

All ions of all masses are excited during a fast sweep of all RF frequencies. This 

excitation process converts the incoherent orbiting motion of the ion packet to detectable 

coherent motions of several ion packets each characterized by a particular m/z. As a ion packets 

pass the detection plate, an image current is induced oscillating at the cyclotron frequencies 

corresponding to the m/z values of the ions present in the trap. When as the ion packet moves 

away from detection plate toward the opposite plate electrons in the plate are attracted toward 

the approaching ion packet. The image current of one ion packet is sinusoidal, with an 

B 
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amplitude representing the number of ions and a frequency equal to that of the ion’s cyclotron 

frequency. The detected signal is a composite of the sinusoidal image currents with different 

frequencies and amplitudes for many ion packets. A mathematical procedure known as a 

Fourier transform converts the detected time-domain signal, or transient, into the frequency 

domain. Eventually, the m/z is provided from the frequencies using Equation 1.4 (Figure 1.8-

b). 

1.4.2 Mass Spectrometric Fragmentation Techniques of Gas-Phase Ions  

While mass spectrometry produces useful information such as m/z, structural 

characteristics and thermochemical quantities can also be determined using fragmentation 

methods. These methods include energetic collisions, absorption of photons from lasers, 

electron capture, or even absorption of ambient blackbody infrared radiation. Simply stated, 

these techniques increase the internal energy of an ion above its dissociation threshold, 

resulting in fragmentation of the ion. The fragmentation patterns provide useful information 

about their structures.  

Tandem mass spectrometry in an ICR involves at least two steps of mass analysis. 

Generally, in the first step, precursor ions are selected and isolated. In the isolation process, all 

ions except the ion of interest are excited by applying an rf pulse and ejected from the ICR 

cell. Fragment ions are created by an activation process such as collision-induced dissociation 

(CID). CID is an activation process; collisions increase the internal energy leading to 

dissociation. A mass spectrum containing the masses of all the fragments can then be acquired. 

If desired, a product ion can be isolated in a subsequent stage and subjected to additional CID, 

producing another group of product ions. In this thesis, fragmentation techniques such as CID 
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and infrared multiphoton dissociation (IRMPD) are used to study the properties of non-

covalent glutathione complexes and will be described below. 

1.4.2.1 Collision-induced dissociation  

CID is probably the most widely used activation technique. Ions are accelerated 

through a potential difference, increasing their translational energy. The ions then collide with 

a neutral target gas, which converts a portion of their kinetic energy to internal energy. 

Depending on the instrument, ions undergo one or many collisions, increasing their internal 

energy above the dissociation threshold of the ion, leading to fragmentation.  

The CID technique used in FTICR MS is called sustained off-resonsant irradiation or 

SORI. SORI-CID starts out similar to how ions are excited during detection. It involves 

applying an RF voltage across the excitation plates for a period of time, where the RF is very 

close to the cyclotron frequency of the ions, accelerating the ion’s cyclotron motion while a 

pulse of argon gas fills the ICR cell to a pressure of about 10-4 mbar for a short period of time. 

Each collision transfers a few tenths of an eV of internal energy, so the ion encounters many 

collisions to increase its internal energy above its dissociation threshold. 

1.4.2.1.1 Infrared Multiphoton Dissociation (IRMPD) 

IRMPD is a technique used in mass spectrometry to dissociate ions in the gas phase by 

absorbing low energy photons from a high-intensity infrared laser (commonly a CO2 laser). In 

IRMPD, ions are trapped in the quadrupole ion trap or FTICR-MS and absorb many infrared 

photons from an intense light source. The resonance between the wavelength of a tunable 

infrared laser and vibrational modes of the ion allows the absorption of multiple photons. This 

absorption increases the internal energy of the ion and surpasses the dissociation threshold 

causing dissociation of the ion [124].  
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The energy of infrared photons typically ranges from 10-40 kJ mol-1, so like SORI-

CID, it is a slow activation process, and as such, the lowest-energy dissociation pathways are 

usually observed [125-127]. Because the photons in the IR region are so low in energy, many 

photons are required, hence the multiple in IRMPD. IRMPD begins by the absorption of a 

single photon resonant with a vibrational mode of the ion. The energy of the photon is quickly 

distributed throughout the ion in a process known as intramolecular vibrational-energy 

redistribution (IVR), so in the absence of collisions or radiative relaxation, the internal energy 

of the ion is increased. Following IVR, the electron in the absorbing mode returns to the ground 

state, so will be free to absorb another photon. After repeating the process of absorption 

followed by rapid IVR the internal energy of the ion exceeds the dissociation threshold, and 

fragmentation of the ion occurs [128]. Figure 1.9 depicts the IRMPD process.  
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Figure 1.9: Schematic of the mechanism of the IVR process in IRMPD. 

If a tunable infrared laser is used, fragmentation efficiency can be recorded as a 

function of laser wavelength producing an IRMPD spectrum or vibrational spectrum. IRMPD 

spectroscopy is a vibrational spectroscopy, so one can obtain structural information, like 

functional group identity. Eexperimental spectra are usually compared to computed gas phase 

infrared spectra for potential structures, which provides further evidence for proposed ion 

structures [129]. 

There are two sources of tunable infrared radiation in two different wavelength regions 

used in this work. The first is the so-called fingerprint region (900 – 2000 cm-1). This range is 

covered by free-electron lasers (FELs) at either the Centre Laser Infrarouge d’Orsay (CLIO) 
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just outside Paris, France, or the Free-Electron Laser for Infrared Experiments (FELIX) in 

Nijmegen, Netherlands. The second region covers the C-H/N-H/O-H stretching region (2700 

– 3800 cm-1) and is covered by an optical parametric oscillator (OPO) in the Laboratory for 

the Study of Structures, Energetics, and Reaction of Gaseous Ions at Memorial University. 

1.4.2.1.2 Blackbody Infrared Radiative Dissociation 

Blackbody infrared radiative dissociation (BIRD) is another soft activation technique. 

BIRD relies on absorbing ambient black-body infrared (IR) radiation by the ion trapped in a 

low-pressure environment. Weakly-bound ionic complexes have an internal energy 

distribution such that ions are at or above the dissociation threshold. The absorption of a single 

photon increases the rate constant for dissociation such that it is observable on the timeframe 

of the experiment. As a very slow activation method, BIRD requires irradiation times on the 

scale of seconds or even 100s seconds to observe sufficient dissociation to obtain a kinetic plot. 

An FTICR is used for these experiments due to the ability to trap ions for this timescale [130, 

131]. 

Equation 1.5 shows the mechanism for BIRD and includes activation, deactivation, and 

dissociation of the non-covalently bound complex, AB±: 

                           AB±
kabs
⇆
kem

AB±∗
kd
→ A + B±                       (1.5) 

Where kabs, kem and kd represent photon absorption, photon emission, and the 

dissociation rate constants, respectively. The apparent rate constant for unimolecular 

decomposition, kuni, is defined the steady-state approximation (Equation 1.6). 

                              𝐤uni = (
𝐤abs𝐤d

𝐤em+𝐤d
)                           (1.6) 
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The unimolecular dissociation rate constant, kuni, can be determined from the slope of 

the logarithmic plot of the precursor ion abundance as a function of time, t. is the time 

dependence of the ion intensity is shown in Equation 1.7 [132]. Where I(AB+) is the normalized 

intensity, t is the time. 

                               𝐈(𝐀𝐁+) = e−kunit                         (1.7) 

The emission and absorption rate constants are large for large molecules with many 

vibrational degrees of freedom, and the dissociation rate constant is expected to be smaller due 

to being the energy being randomized throughout the molecule. At this limit, the rapid 

exchange (REX) of radiation limit, kd <<kem, therefore Equation 1.6 can be simplified to 

Equation 1.8.  

                                 𝐤uni = (
𝐤abs𝐤d

𝐤em
)                                  (1.8) 

It has been shown that thermal equilibrium is reached for these large complexes in the 

REX limit [130, 133-136], so that the emission and absorption rate constants are equal so that 

equation 1.8 can be further simplified to 1.9: 

                                  𝐤uni = kd                                        (1.9) 

At thermal equilibrium in this large molecule limit, threshold dissociation energies, E0, 

can be extracted directly from the Arrhenius plot [131]. 

The Arrhenius activation energies (Ea) used to help determine the threshold for 

dissociation found from a plot of the logarithm of temperature dependent kuni vs. T-1(equation 

1.10). 

                                𝐤uni = Ae
−𝐄a

𝐤BT
⁄

                      (1.10) 

where A is the pre-exponential factor and kB is the Boltzmann constant. The entropy of 

activation (ΔS†) is defined by Equation 1.11, 
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                              A =
kBT

h
e
(1+(

∆S†
kB
))

                       (1.11) 

For systems (less than about 100 degrees of freedom), the rate of dissociation may be 

significantly higher than the absorption and emission rate constant (kd >> kem), the so-called 

slow exchange (SEX) limit and thermal equilibrium between these systems and their 

surroundings may not occur. Under these circumstances, the true dissociation threshold is 

estimated to be higher than the Ea values, and master equation modelling is required to extract 

the dissociation threshold from the experimental Arrhenius plots. 

1.5 Computational Methods 

In this work, the experimental results are compared to structures and thermodynamic 

properties obtained through electronic structure calculations. These computational methods 

can provide structures and properties of gaseous non-covalent complexes. For example, 

computed IR spectra are usually compared with experimental IRMPD spectra. Electronic 

structure methods generally include a level of theory and a basis set.  

1.5.1 Density Functional Theory (DFT) Methods 

There are different groups of electronic structure techniques, such as ab initio 

techniques and DFT methods. In ab initio methods, the Schrödinger equation for many-

electron systems is solved by assuming the Born-Oppenheimer approximation which 

uncouples nuclear motion from electronic motion [137]. This method determines the electronic 

energy of the ground electronic state in a fixed nuclear configuration by changing nuclear 

degrees of freedom. The potential energy surface (PES) is defined by obtaining electronic 

energies as a function of the reaction coordinate. One of the most common ab initio methods 

is the Hartree-Fock (HF) technique which is a computationally expedient method to solve the 
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Schrödinger equation for atoms, molecules, and nanostructures. Post-Hartree-Fock methods, 

such as Møller-Plesset (MP) [138, 139], is a set of methods developed to improve the accuracy 

of the Hartree–Fock (HF) method. Electron correlation added in post HF methods provide 

more accurate results. The computational cost and time are limitations in both methods, which 

incentivized the development of methods dependent on the electron density. Density 

Functional Theory (DFT) is a method to study the structural and electronic properties of 

molecules in which functions of electron density are used to calculate properties of the system. 

In this work, the primary methods used to predict the minimum energy structures of ions of 

interest are DFT methods. 

1.5.1.1 Basis sets 

Basis sets are finite sets of functions that have a key role in making molecular orbitals 

in all of the above calculations. Molecular orbitals are represented as a linear combination of 

atomic orbitals. Gaussian-type functions (GTF) are the most popular type of atomic orbitals in 

use [140, 141]. The core and valance shell orbitals are described by one or more basis 

functions. K-LMG is a common class of basis set expressed by the split-valance basis set and 

used in this work. The K and LM parts correspond to the number of core Gaussian functions 

(G) and the valence shell atomic orbitals, respectively. Polarization functions are functions of 

higher angular momentum quantum numbers that are unoccupied in the atom. They can be 

added to the basis sets to improve results as they add more flexibility.  For example, by adding 

d or * to the basis set, a d-function is added to the heavy atoms in the selected basis set, or 

when d,p or ** is added to the selected basis set, it means polarization functions (a p orbital) 

are also added to light atoms. In addition, + or aug represents the addition of diffuse function 

to the basis set. Diffuse functions are typically added to the anions and excited states basis sets 
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to obtain more reliable results [142]. In larger atoms containing many electrons, effective core 

potentials (ECP), a pseudopotential method, are used where the ECP represents the core 

electron instead of Gaussian functions.  

The first step in the calculations is to guess an initial geometry constructed from 

chemical intuition Gaussview. Then the geometry optimizations and the frequency calculations 

are performed.  A full geometry optimization is an iterative procedure controlled by geometry 

convergence criteria, and this process continues until achieving the minimum energy geometry. 

Then the frequency analysis is carried out by calculating the normal mode according to the 

forces applied to each nucleus (from the second derivative/gradient of potential energy). 

The vibrational frequency, v for each n normal mode, can be determined from the 

second energy derivatives with respect to the Cartesian nuclear coordinates. The sum of the 

energy of each normal vibrational mode in a molecule with N atoms acquires the vibrational 

energy, Evib, which can be calculated by equation 1.12, where h is Planck’s constant. 

Evib = ∑ (
1

2
hvi)l                            (1.12) 

After analyzing the normal mode, the frequency of each vibrational normal mode can 

be determined. The zero-point energy (Ezp) is calculated from the energy of each mode, and 

it is added to the electronic energy (Eelec). Consequently, the enthalpy (H) and Gibbs energy 

(G) of the system are computed using the frequency calculations and their contributions to the 

enthalpy (H) and entropy (S) of the system. Therefore, the obtained IR spectrum, which is 

obtained from the frequency analysis on the optimized structure, can be compared with the 

experimental IRMPD spectrum. 
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The total internal energy of the molecule (Etot) resulting from the sum of the electronic 

(Eelec) , vibrational (Evib) , rotational (Erot) , translational (Etrans) , and zero-point (Ezp) 

energies is represented in equation 1.13. 

              Etot = Eelec + Evib + Erot + Etrans + Ezp                   (1.13) 

The total internal energy is used to calculate H, and G, by the following 

thermochemical relations as shown in Equations 1.14 and 1.15.  

                           H = Etot + RT                              (1.14) 

                     G = Etot + RT − TStot = H − TStot                   (1.15) 

Where the total entropy (Stot) is calculated from translational (Strans), rotational 

(Srot), vibrational (Svib)and electronic (Selec) motions (Equation 1.16). 

                      Stot = Strans + Srot + Svib + Selec                   (1.16) 

In this work, all calculations were done using the Gaussian 16 suite of programs [143] 

to obtain the geometry optimization, enthalpies and Gibbs energies. Dispersion corrections 

were used to evaluate the short-range and London dispersion interactions between ions to 

improve the performance of DFT methods. Becke’s 3-parameter-Lee-Yang-Parr (B3LYP) is a 

prevalent modified version of the density function and yields good geometries and 

thermochemical properties. 6-31+G(d,p) and Def2SVP basis sets have been used in all 

calculations. In this thesis, all harmonic frequencies were corrected using scaling factors of 

0.975 and 0.945 in the fingerprint (1000-1900 cm-1) and C–H/N–H/O–H stretching (2700-3800 

cm-1) regions, respectively. Theoretical IR spectra were convoluted using Gaussian functions 

(10 cm-1 fwhm). Electronic energies were refined with single-point calculations using 

B3LYP/6-311+G(3df,3pd) for all atoms except Rb+, Cs+, Sr2+, Ba2+, Cd2+, Hg2+ and Pb2+, for 

which the Def2TZVP basis set was used. For comparison, geometry optimizations and 
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frequency were calculated using B3LYP6/6-311G(2d,d,p) for all atoms, and  

B3LYP/Def2TZVP were used for Rb+, Cs+, Sr2+, Ba2+, Cd2+, Hg2+ and Pb2+ atoms.  

1.6 Objectives of Thesis 

The main scope of this thesis is to study the intrinsic properties of glutathione adducts 

(alkali metal, alkaline earth metals, transition metals, some heavy metals, and seven amino 

acids) in the gas phase using tandem mass spectrometry along with computational chemistry. 

The motivation behind experiments stems from the important bioactivity and the potential 

pharmaceutical application of glutathione adducts in biological systems. Following this aim, 

in Chapter 2, the structures of GSH-alkali metal complexes are investigated using SORI-CID 

and IRMPD spectroscopy in the 1000 to 1900 cm-1 regions.  

Due to GSH intracellular abundance, it is a likely target for metal cations, especially 

those having high affinity to form mercaptide bonds with heavy metals via their thiol groups, 

providing a primary defense against metal cation toxicity [102]. So, the investigation of the 

structures, energetics, and reactivities of gas-phase [M(GSH-H)]+ complexes (M=alkaline 

earth metals, transition metals, and heavy metals) using SORI-CID and IRMPD spectroscopy 

in the 2700 to 3800 cm-1 and the 1000 to 1900 cm-1 regions are discussed in Chapter 3. 

In addition, Glutathione conjugation facilitates the transfer of amino acids out of the 

cell by binding its electrophiles sites to amino acids [144]. In Chapter 4, it is shown that BIRD 

kinetic measurements can be used for complexes in the gas phase. In this research, the gas-

phase stabilities of glutathione-amino acids cations were studied by blackbody infrared 

radiative dissociation (BIRD) to examine its binding energy and stability in the gas phase. 
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2 Chapter 2 - Structures and Unimolecular Chemistry of Alkali Metal 

Cation Complexes with Glutathione in the Gas Phase  

2.1 Preface 

A version of this chapter has been published in the International Journal of Mass 

Spectrometry (2024). I am the primary author of this paper. Along with the co-authors, Estelle 

Loire, Jonathan Martens, and Travis D. Fridgen. I carried out most of the literature review, 

experiments, simulations, and results. I prepared the first draft of the manuscript and 

subsequently revised the manuscript based on the co-authors’ feedback. The co-author, Travis 

Dr. Fridgen, contributed to defining the project, data analysis, helped with computations, as 

well as reviewing and revising the manuscript. The co-authors, Estelle Loire and Jonathan 

Martens, contributed provided advice on the discussion of the results and editorial support.  

2.2 Abstract 

This study investigates the unimolecular reactions of glutathione complexes with alkali 

metal cations in the gas phase through sustained off-resonance irradiation collision-induced 

dissociation and examines their structures using a combination of infrared multiphoton 

dissociation spectroscopy and computational techniques. Under soft CID conditions, 

glutathione complexes with charge-dense cations such as Li⁺, Na⁺, and K⁺ show significant 

fragmentation of glutathione, while complexes with heavier cations, Rb⁺ and Cs⁺, primarily 

undergo loss of glutathione. This behavior is attributed to the stronger non-covalent binding 

between smaller metal cations and glutathione, which competes with the dissociation 

thresholds of covalent interactions within the peptide complex. Using CREST, a tool for 

determining trial structures which were submitted to density functional theory calculations, a 

thorough investigation of the conformational space revealed many possible structures, 
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including pentacoordinated structures for the Na⁺ and K⁺ complexes, as well as tetra- tri-, bi-, 

and monocoordinated structures along with zwitterionic structures for all metal cation/GSH 

complexes. For all alkali metal cation complexes, the thermodynamically most stable 

structures were found to be tetracoordinated A-type structures where the metal cation is bound 

to the amine nitrogen and three of the carbonyl oxygens—all except O2, the amide between 

glycine and cysteine. These computed infrared spectra for these lowest energy complexes were 

also consistent with the experimental vibrational spectra in the fingerprint region. Based on 

relative energies and the comparison of computed and experimental infrared spectra in the 

fingerprint region, the tetracoordinate A-type structures are concluded to be the dominant 

forms of the [M(GSH)]+ complexes in the gas phase. 

 

2.3 Introduction 

Low molecular weight (LMW) biomolecules containing thiol groups (R-SH; where R 

represents an organic substituent) can be oxidized and regenerated in the cell where they play 

a crucial role in biochemical and pharmacological reactions [1-3]. Glutathione (GSH) is a 

ubiquitous LMW tripeptide with the sequence γ-L-glutamyl-L-cysteinyl-glycine and is an 

essential nonprotein thiol for the transport of amino acids across cell membranes via the γ-

glutamyl cycle [4-6]. The level of GSH in human tissues is typically between 0.1 and 10 mM 

and is most concentrated in the liver (up to 10 mM) but has also been found in the spleen, 

kidney, erythrocytes, and leukocytes [6].  

In previous studies, the biochemical effects of sodium, potassium, and to a lesser extent 

lithium has been assessed on enzyme regulation [7], membrane stabilization, and transporting 

amino acids across cell membranes [4-6]. These alkali metal cations accomplish these 
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processes by complexing with proteins and peptides like GSH under physiological conditions 

[8-11]. Thus, the coordination chemistry of GSH in binding to alkali metal cations is an 

important aspect of these fundamental biological processes. 

There are ten basic binding sites in GSH: the carbonyl and hydroxyl oxygens of the 

two carboxylic acid groups, the N and O of the two amides, an amino group, and the thiol 

group. There are also several acidic protons that can contribute to intramolecular hydrogen 

bonding. Due to the variety of coordination sites in the reduced glutathione molecule, the 

coordination chemistry of GSH with metals is complicated and interesting. Two general 

coordination modes have been studied in the complexes of metal cations with GSH; soft metals 

prefer to coordinate to the soft base thiol site and auxiliary oxygens of the glycine moiety, 

whereas the glutamic moiety of GSH is the coordination site for harder metal cations such as 

those in groups 1 and 2 and the first row transition metal cations [12]. Several factors have 

been known to affect the stability of GSH/metal cation complexes including the radius and 

charge of metal ions, the electron configuration, and the coordination number of the metal 

cation with the ligand [13, 14]. By way of illustration, Lui et al. analyzed the properties of the 

metal ion that affects the metal-binding selectivity with GSH by evaluating multiple 

coordination modes of the GSH-M (M=Li+, Na+, K+, Be+, Mg+, Ca+) complexes. These species 

were explored by DFT methods and modelled using the B3LYP/6-31G(d,p) level of theory 

and basis set. For example, they revealed that the coordination distance and strength of binding 

between the metal cation and ligand is related to the ionic radius of the metal cation Li+ < Na+ 

< K+, Be2+ < Mg2+ < Ca2+, and Al3+ < Mg2+ < Na+ which is attributed to the difference in ionic 

radius of the metal cations [14].   
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The present work involves the study of the structures, energetics, and unimolecular 

reactivities of gas-phase [M(GSH)]+ complexes (M = Li, Na, K, Rb, and Cs) using a 

combination of sustained off-resonance irradiation-collision-induced dissociation (SORI-

CID), infrared multiphoton dissociation (IRMPD) spectroscopy, and computational methods 

with a view to better understand their structures and binding of the metal to GSH. 

2.4 Methods 

2.4.1 Experimental 

In these studies, ions were generated by electrospray ionization (ESI) using an Apollo 

II ion source coupled to the FTICR-MS. Solutions containing the relevant species were 

pumped into the source at 100 μLh−1 using a syringe pump. Glutathione (Sigma Aldrich) was 

used without further purification. All solutions were prepared by adding three drops of 10 

mmol L-1 alkali metal chloride and two drops of 1% formic acid to 1 ml of 1 mmol L-1 GSH in 

a 50/50 mix of 18 MΩ-cm (Millipore) water and methanol. 

All sustained off-resonance irradiation collision induced dissociation (SORI-CID) 

experiments were done using a Bruker ApexQe 7.0 hybrid Fourier transform ion cyclotron 

resonance (FTICR) mass spectrometer (MS) in the Laboratory for the Study of Structures, 

Energetics, and Reactions of Gaseous Ions at Memorial University. The [M(GSH)]+ ion of 

interest was isolated inside the ICR cell (P = 10−10 mbar) and exposing them to Ar inside the 

ICR cell at higher pressures (P ≈ 10−5–10−6 mbar). At these pressures, in the 250 ms excitation 

time, there are on the order of 10’s to 100’s of collisions [15]. 

Infrared multiphoton dissociation (IRMPD) spectroscopy [16-18] experiments in the 

fingerprint region were conducted at either the Centre Laser Infrarouge d’Orsay (CLIO) a free 
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electron laser facility just outside Paris, France, or at the free-electron laser for infrared 

experiments (FELIX) in Nijmegen, Netherlands. At CLIO [19], a FTICR-MS coupled to the 

FEL was used to collect the spectra for the [M(GSH)]+, M=Li, Na, K complexes. These ions 

were isolated in the FTICR and irradiated with FEL radiation for 250 ms at 5 cm−1 intervals. 

The spectra for the M=Rb and Cs complexes were measured at FELIX after being isolated in 

a modified 3D quadrupole ion trap mass spectrometer (Bruker AmaZon Speed ETD) [20]. 

These ions were electrosprayed from the solutions described above, which were first diluted 

100-fold with acetonitrile. The trapped and isolated ions were irradiated with FEL radiation 

scanned at 3 cm−1 intervals with 2 pulses of tunable infrared radiation [21]. In the C-H/N-H/O-

H stretching region (2700 – 4000 cm-1) region IRMPD spectroscopy experiments were 

performed in the Laboratory for the Study of Structures, Energetics, and Reactions of Gaseous 

Ions at Memorial University which has been previously described [22]. Briefly, ions were 

isolated in the FTICR-MS where they were irradiated with the output from an OPO laser 

operating at 500 mW for 2 s at 2 cm-1 intervals. 

The reported IRMPD intensities are the negative of the natural logarithm of the product 

ion intensities divided by the total ion intensity. No corrections for fluctuation in laser 

intensities were used.  

2.4.2 Computational   

In this work, all calculations were done with the Gaussian 16 program [23]. Structures 

were optimized and their infrared spectra were computed using density functional theory 

(DFT) with the B3LYP-D3 functional (which includes Grimme’s empirical dispersion 

correction) and the 6-31+G(d,p) split valance basis set [23, 24] for all atoms except Rb and Cs 

where the Def2SVP basis set and effective core potential were used. Further single-point 
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energy calculations were done using the 6-311+G(3df,3pd) basis on all atoms except Rb and 

Cs where the Def2TZVP basis sets were used. These single-point electronic energies were 

corrected with the thermochemistries computed using the B3LYP-D3/6-31+(d,p) calculations. 

All relative enthalpies and Gibbs free energies reported are 298 K values. The computed IR 

spectra were scaled using 0.945 and 0.975 in the higher (2700-3800 cm-1) and lower (1000-

1900 cm-1) energy regions, respectively [25-27]. 

A search of the conformational space of the [M(GSH)]+ complexes was done with a 

combination of chemical intuition and using CREST (Conformer-Rotomer Ensemble 

Sampling Tool) [28, 29]. The CREST calculations were done using the default GFNN 

semiempirical level of theory [30], and between 10 and 130 structures for the [M(GSH)]+ 

complexes were generated which were all submitted to B3LYP-D3/6-31+G(d,p) level of 

theory as described above. The CREST search for [K(GSH)]+ produced the largest number of 

conformers and following the density functional calculations 109 unique structures were 

found.  For these optimized structures, K+ was then replaced with Li+, Na+, Rb+, and Cs+, and 

reoptimized. In all, 74, 61, 47, and 50 unique conformers were found for [Li(GSH)]+, 

[Na(GSH)]+, [Rb(GSH)]+, [Cs(GSH)]+, respectively. 

Further computations were conducted at the CBS-QB3 level of theory on the lowest energy 

complexes of glutathione with Li+. 

2.5 Results and Discussion  

2.5.1 SORI-CID of [M(GSH)]+, M = Li, Na, K, Rb, and Cs.  

In Figure 2.1 is a comparison of the SORI-CID results for the alkali metal-glutathione 

complexes. The primary losses are indicated by letters which are described in Table 2.1 and 
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Scheme 2.1. For all [M(GSH)]+ complexes, the loss of water (fragment b, 18.0 Da) and 

pyroglutamic acid (fragment e, 129.0 Da) are common fragmentations observed. The loss of 

pyroglutamic acid has also been observed as a major product for protonated glutathione [31] 

and protonated glutathione conjugates [32-35], and has been used for the screening of various 

metabolites by conjugating with glutathione. For [Rb(GSH)]+ and [Cs(GSH)]+ the predominant 

fragmentation is by loss of neutral glutathione (307.2 Da) leaving the metal cation. Metal 

cation was not observed as a product for [K(GSH)]+. If metal cation was produced in the CID 

of [Li(GSH)]+ and [Na(GSH)]+ it would not have been observed in these experiments as their 

m/z ratios were below low mass cut off for these experiments, but given that K+ was not 

observed as a product in the CID of [K(GSH)]+, it would not be expected that the smaller ions 

would be products in the CID of their complexes with GSH. Other minor primary 

fragmentation products identified in the CID spectra of [Li(GSH)]+ are loss of NH3 (fragment 

a, loss of 17 Da), H2S (fragment c, loss of 34 Da) and C2H5NO2 (glycine, fragment d, loss of 

75 Da) at m/z 297.3, 280.2, 239.2, respectively. 
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Figure 2.1: SORI/CI D spectra obtained for [M(GSH)]+ where M+, Li+, Na+, K+, Rb+, and CS+. 

 

Scheme 2.1: Fragmentation pathways of [M(GSH)]+ complexes where M+, Li+, Na+, K+, Rb+, and CS+. 

following SORI-CID 
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Table 2.1: Fragmentation pathways of [M(GSH)]+ complexes following SORI-CID. 

fragment 

type 

neutral loss / 

Da 

fragment identity 

a   17.0 NH3 

b   18.0 H2O 

c   34.1 H2S 

d   75.0 glycine 

e 129.0 pyroglutamic acid 

f 307.0 glutathione 

 

[Li(GSH)]+, [Na(GSH)]+, [K(GSH)]+ and [Rb(GSH)]+ also produce ions at m/z 221.2, 237.3, 

253.2, and 299.1, respectively, which are identified as secondary loss of glycine (75.0 Da) from the b 

fragments as shown in the MS/MS spectra (Figures S2.1-II – S2.4-II). The e fragments from [Li(GSH)]+ 

and [Na(GSH)]+ are observed to lose NH3 producing ions at m/z 168.2 and 184.2, respectively. Ions at 

m/z 175.2 and 191.2 are generated by the loss of cysteine (121.0 Da) from the b fragment in [Li(GSH)]+ 

and [Na(GSH)]+, respectively. Also, [Li(GSH)]+ and [Na(GSH)]+ lost H2S from the b fragment to 

produce ions at m/z 262 .2 and 278.2, respectively, and then the loss of glycine (75.0 Da) is observed 

at m/z 187.2 and 203.2 respectively (Figures S1-V and S2-V). 

Other secondary fragmentations, unique to [Li(GSH)]+, that were identified include m/z 269.2 

which is most likely loss of CO (28 Da) from fragment a. The ion at m/z 151.2 is the loss of 

pyroglutamic acid (fragment e, 129.0 Da) from the c fragment in [Li(GSH)]+. 

It is not surprising that the complexes of the more densely charged cations Li+, Na+, and K+ 

would show more extensive fragmentation of glutathione compared to the heavier cations which show 
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primarily glutathione loss. This difference is presumably due to the stronger non-covalent binding of 

the smaller metal cations to glutathione. The stronger electrostatic interactions with the smaller alkali 

metal cations may also result in weakening of covalent bonds within the peptide. 

2.5.2 Vibrational Spectra of Glutathione Complexes with Alkali Metals. 

The nomenclature of the structures is as follows. Taking the lowest energy structure for 

[Li(GSH)]+ GSH-Li-IV-A1,3,4-i, as an example, the capital Roman numeral indicates the coordination 

number of the metal: monocoordinated (I), dicoordinated (II), tri-coordinated (III), and tetracoordinated 

(IV). This is followed by a letter (A, B or C) indicating the coordination groups as follows. A is used 

when the metal is coordinated to the N-terminal amino group and at least one of the carboxyl or 

carbonyl groups of glycine and glutamic acid. B indicates the metal is only bound to carboxyl or 

carbonyl oxygens and C depicts the complexation of metal to the thiol group and to carboxyl or carbonyl 

groups. In all cases, the subscripts indicate which carbonyl or hydroxyl oxygens are bound to the metal, 

(see Scheme 2.1 for the numbering scheme for carbonyl and hydroxyl oxygens). The lowercase Roman 

numeral is used to distinguish different conformational isomers based on the relative Gibbs energies, 

from lowest to highest energy. Similar structures with only a different conformation of the thiol group 

have the same lower case roman numeral and are differentiated in terms of energy by subscripts of 

either a, b, c, d, but with subscripted SH replacing one of these if there is an S-H---O2 interaction. 

Finally, the prefix “z” indicates a zwitterionic structure. 

In Figure 2.2 the IRMPD spectra for all five-alkali metal cationized GSH complexes are 

compared to the computed spectra for the lowest energy structures. All lowest energy structures are 

GSH-M-IV-A1,3,4-iSH where the metal cations are bound through ion-dipole interactions with the amine 

group and the three carbonyl oxygens labeled 1, 3, and 4. These structures also have S-H--O2 

interactions as well as a hydrogen bond between O2 and one of the hydrogens of the amine group. The 

S-H--O2 distance slightly elongates as the metal cation gets larger, 2.455 Å in GSH-Li-IV-A1,3,4-iSH 

to 2.586 Å in GSH-Cs-IV-A1,3,4-iSH. The amine to O2 hydrogen bond decreases from 2.158 Å to 2.114 
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Å to 2.105 Å in GSH-Li-IV-A1,3,4-iSH, GSH-Na-IV-A1,3,4-iSH, and GSH-K-IV-A1,3,4-iSH, respectively, 

then remains the same for the heavier metals. As expected, the metal cation to N and O distances 

increase as the metal cation gets larger. In Figure 2.3, for GSH-Li-IV-A1,3,4-iSH Li+ sits in a cavity and 

binds in a tetrahedral-like fashion to the four ligands. For Na+, the metal and three binding oxygens are 

virtually co-planar with the amine N bound in what might be described as half a trigonal bipyramid. 

For the K+, Rb+, and Cs+ complexes, the cation sits outside the cavity, above glutathione. In Table 2.2, 

the positions of prominent features in the experimental vibrational spectra of the [M(GSH)]+ complexes 

are listed with the assigned modes. The C=O involving the two carboxylic acids and O2, the amide 

carbonyl that is not bound to the metal cation, are all observed between 1745 and 1779 cm-1.  
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Figure 2.2: Experimental IRMPD spectra (gray traces) and computed infrared spectra (black traces) for [M(GSH)]+ 

where M+ = Li+, Na+, K+, Rb+, and CS+. 
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Table 2.2: Positionsa and assignments of the observed vibrational bands for the [M(GSH)]+ complexes. 

Mode [LiGSH]+ [NaGSH]+ [KGSH]+ [RbGSH]+ [CsGSH]+ 

C=O str (O1, O2, O4) 1753 1759 1779 1760 1745 

C=O3 str/ 

NH2 bend 
1662 1676 1688 1679 1666 

amide C-N-H bend 1512 1522/1503 1510 1501 1497 

CH/CH2 scissoring/ 

CC str 
1400 1402 1400 1388 1404 

C-OH str/C-O-H bend 1166 1161 1150 1130 1110/1140 

a: in cm-1. 

 

The C=O stretch involving O3, the other amide carbonyl, is red shifted to be centred between 

1662 and 1688 cm-1; this absorption also contains the NH2 bending vibration. The two amide C-N-H 

bending vibrations are observed in each of the spectra centred between 1497 and 1522 cm-1. CH/CH2 

scissoring and C-C stretching involving the carboxylic acids are observed as weaker, but prominent 

bands centred between 1388 and 1404 cm-1. The C-OH stretch and C-O-H bending modes are observed 

centred at between 1130 and 1166 cm-1. Between these last two absorptions, broad absorption is 

observed and is due to tortional modes mainly due to the CH and CH2 groups. 
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 Spectra were also collected in the higher energy CH/NH/OH region. In all cases, a strong O-H 

stretch absorption was observed at maxima occurring between 3535 and 3550 cm-1 indicative of a 

carboxylic acid O-H group [36, 37] (see Figure S2.10). For [Li(GSH)]+ and [Na(GSH)+] there is little 

else seen in the 2700 – 3700 cm-1 region, likely due to the high energy required for dissociation. For 

[K(GSH)+], [Rb(GSH)+], and [Cs(GSH)+], there are some weak but broad absorptions due to N-H 

stretching. However, this higher energy region is not as diagnostic of structure for these [M(GSH)]+ 

complexes since even the highest energy complexes have free carboxylic acid O-H groups and N-H 

stretching resulting in similar expected spectra. 

 

 

Figure 2.3: Molecular depictions of the lowest energy [M(GSH)]+ complexes. 
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2.5.3 Higher Energy Structures 

2.5.3.1 [Li(GSH)]+ 

In all, using a mixture of molecular dynamics (CREST) computations and chemical 

intuition 74 unique [Li(GSH)]+ structures were computed up to more than 200 kJ mol-1 higher 

in energy than the lowest energy structure. While our CREST calculations revealed the GSH-

Li-IV-A1,3,4-ic structure, it was chemical intuition that resulted in the lowest energy GSH-Li-

IV-A1,3,4-iSH by realizing that an SH—O2 interaction resulted in further energy stabilization of 

the structure. In total there are three other structures similar to the lowest energy structure 

GSH-Li-IV-A1,3,4-iSH. They are GSH-Li-IV-A1,3,4-ib, GSH-Li-IV-A1,3,4-ic, and GSH-Li-IV-

A1,3,4-id that differ in the orientation of the S-H group and are higher in Gibbs energy by 4.4, 

4.6, and 7.4 kJ mol-1, respectively, and whose computed IR spectra are indistinguishable in the 

1000-2000 cm-1 region. Computed energies using B3LYP/6-311+G(3df,3pd) single point 

electronic energies and CBS-QB3 do not differ significantly from the B3LYPD3/6-31+G(d,p) 

energies (see Table 3), although at the CBS-QB3, the relative Gibbs energies are 3.6, 3.7, and 

4.8 kJ mol-1 for the GSH-Li-IV-A1,3,4-ib, GSH-Li-IV-A1,3,4-ic, and GSH-Li-IV-A1,3,4-id 

structures, respectively.  

The next lowest-energy structure is GSH-Li-IV-A1,3,4-iiSH, similar to GSH-Li-IV-A1,3,4-

iSH and differs in the O3CCC dihedral angle in the glutathione reside. In the lowest energy 

structure, this dihedral angle is 91.8 degrees while in GSH-Li-IV-A1,3,4-iiSH it is -23.1 degrees. 

The Li+ to O1 and O4 bond lengths both decrease slightly by about 0.03 Å in GSH-Li-IV-

A1,3,4-iiSH, and the Li+ to amine bond increases slightly by about 0.04 Å. The main result of the 

difference in dihedral angle is that there is no hydrogen bond between the amine group and 

O2. This results in an increase in enthalpy and Gibbs energy by 21.5 and 16.9 kJ mol-1, 
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respectively, with respect to the lowest energy structure. Spectroscopically this structure is 

nearly identical to the lowest energy structure in the 1000-2000 cm-1 region (Figure S5). The 

other three GSH-Li-IV-A1,3,4-ii structures without the SH--O interaction are higher in energy 

with similar computed IR spectra.  

The lowest energy B type structure is GSH-Li-III-B1,3,4-iSH, and is higher in enthalpy 

and Gibbs energy by 21.4 and 20.5 kJ mol-1 respectively. Without a metal to amine interaction, 

the O4 and O3 to metal interactions are shorter resulting in a significant computed red shift for 

the carbonyl stretching bands so that the C=O stretch region does not adequately match the IR 

spectrum. Comparisons of the computed spectra of the other B type structures (Figure S5) and 

structures with less metal binding interactions ie. II-B and III-A type structures result in higher 

energy structures and ones whose computed spectra do not compare well with the experimental 

spectra.  

Using B3LYP/6-31G(d,p) Liu et al.[14] computed a lowest energy structure that was a 

pentacoordinated structure, where the amine and the O1, O2, and O3 were bound to the Li+ as 

well as the hydroxyl oxygen of the glutamic acid residue. We did a calculation using B3LYP/6-

31G(d,p), like Liu et al., and found that the pentacoordinate structure , GSH-Li-V-A1,2,3,4, 

where the amine and all four carbonyls are bound to Li+ (rather than the hydroxyl O) is lower 

in enthalpy and Gibbs energy by 16.1 and 18.1 kJ mol-1, respectively. It makes sense that the 

GSH-Li-V-A1,2,3,4 significantly lower in energy than the GSH-Li-V-A1,2,3,4a structure (where 

‘a’ indicates that the OH oxygen is bound instead of the carbonyl oxygen) because the carbonyl 

oxygen is more basic than the hydroxide oxygen. However, when the GSH-Li-V-A1,2,3,4 and 

GSH-Li-V-A1,2,3,4a B3LYP/6-31G(d,p) structures were submitted to optimization at the 

B3LYPD3/6-31+G(d,p) level, they optimized to the tetracoordinate GSH-Li-IV-A1,3,4-iib and 



56 

 

GSH-Li-IV-A1,3,4a-iib, respectively. As expected GSH-Li-IV-A1,3,4a-iib is significantly higher 

in enthalpy and Gibbs energy (17.1 and 19.1 kJ mol-1, respectively) using B3LYPD3/6-

31+G(d,p) than GSH-Li-IV-A1,3,4-iib and is 45.4 and 40.6 kJ mol-1 higher in energy than the 

lowest energy structure found in this work. The computed IR spectrum for the GSH-Li-IV-

A1,3,4a-iib structure is not consistent with the experimental vibrational spectrum; notably, the 

free carboxylic acid C=O stretch is predicted to be above 1800 cm-1. 

Eight zwitterionic structures were found with tetra-, tri-, and bi- coordination, but were 

all significantly higher in energy. The lowest energy zwitterionic structure is also a C type 

structure, zGSH-Li-IV-C1,2,4-iii, that is 48.0 and 54.8 kJ mol-1 higher in enthalpy and Gibbs 

energy, respectively, than the lowest energy structure and their computed infrared spectra do 

not agree with the experimental vibrational spectrum (Table S2.1 and Figure S2.5).  

2.5.3.2 [Na(GSH)]+ 

For [Na(GSH)]+, 61 distinct structures were obtained by employing molecular 

dynamics simulations and chemical intuition. Our CREST simulations revealed the GSH-Na-

IV-A1,3,4-ib structure, and like before, we determined the lowest energy structure, GSH-Na-IV-

A1,3,4-iSH, by incorporating an SH—O2 stabilizing interaction. 

In total, three other structures similar to the lowest-energy structure, GSH-Na-IV-A1,3,4-

iSH, are identified, namely GSH-Na-IV-A1,3,4-ib, GSH-Na-IV-A1,3,4-ic, and GSH-Na-IV-A1,3,4-

id. These structures vary in the orientation of the S-H group and are higher in Gibbs energy by 

4.4, 4.8, and 6.5 kJ mol-1, respectively. There is no noticeable distinction exists between the 

calculated energy derived from B3LYP/6-311+G(3df,3pd) single point electronic 

computations and B3LYPD3/6-31+G(d,p) energies (see Table S2). As seen in Figure S6, the 
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computed IR spectra for these slightly higher-energy complexes are in good agreement with 

the experimental vibrational spectrum. 

The next lowest-energy configuration is GSH-Na-IV-A1,3,4-iiSH, which is similar to 

GSH-Na-IV-A1,3,4-iSH but again differs in the O3CCC dihedral angle. The dihedral angle in 

GSH-Na-IV-A1,3,4-iiSH is -18.6 degrees, while it is 104.7 degrees in the lowest energy structure. 

There are three reasons for the variation in the dihedral angle. First, in GSH-Na-IV-A1,3,4-iiSH, 

the lengths of the Na+ bonds to O3 and O4 are somewhat shorter by about 0.065 Å and 0.03 

Å, respectively. Secondly, the Na+ bond to amine is slightly longer by about 0.09 Å. The 

enthalpy and Gibbs energy are observed to increase by 16.8 and 15.6 kJ mol-1, respectively, in 

comparison to the lowest energy configuration. This structure is spectroscopically similar to 

the lowest energy structure in the 1000-2000 cm-1 range (see Figure S6). Several other higher 

energy IV-A type structures are also shown in Figure S6, many of them do not agree well with 

the experimental spectrum. 

For [Na(GSH)]+, pentacoordinate type V-A structures were computed and are in fair 

agreement with the experimental vibrational spectra but are 17.0 kJ mol-1 higher in Gibbs 

energy or more. 

The tricoordinated GSH-Na-III-B1,3,4-i is the lowest energy B-type structure having a 

relative Gibbs energy value of 16.1 kJ mol-1. The computed IR spectrum of the lowest energy 

structure is only roughly consistent with the experimental IRMPD spectrum (Figure S6), but 

most of these structures do not agree as well with the experimental vibrational spectra. 

Similarly, when the computed spectra of the other higher energy, B-type structures with higher 

and lower coordination (such as the IV-B, II-B type structures) there is not nearly as good 
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agreement with the experimental vibrational spectrum as the lowest energy IV-A type 

structures (Figure S2.6).  

The C-type structure, GSH-Na-IV-C1,3,4-iSH, where there is an interaction between the 

metal cation and the thiol group is the lowest energy C-type structure and is 35.5 kJ mol-1, 

higher in Gibbs energy than the lowest energy structure. Bicoordinated and monocoordinated 

structures are even less energetically favourable with higher enthalpy and Gibbs energies (see 

Table S2.2). The lowest energy zwitterionic structure, zGSH-Na-IV-C1,4,4-ii is 44.3 kJ mol-1 

higher in Gibbs energy. The computed infrared spectra for these structures are not in good 

agreement with the experimental IRMPD spectrum (Figure S2.6). 

As was the case for the Li+ structures, the computed structures of Liu et al.[14] where 

the -OH of the carboxylic acid groups are bound to the Na+, rather than the carbonyl, are higher 

in energy and the IRMPD spectra do not agree with the computed IR spectra of that isomer 

(Figure S2.6). 

2.5.3.3 [K(GSH)]+ 

As it was for Li+ and Na+, the lowest energy K+ structure is GSH-K-IV-A1,3,4-iSH, where 

there is an interaction between SH and O2, and there are similar structures without the SH—

O2 interaction GSH-K-IV-A1,3,4-ib, GSH-K-IV-A1,3,4-ic, and GSH-K-IV-A1,3,4-id structures, 

whose computed IR spectra agree well with the [K(GSH)]+ experimental spectrum and are 

only 3.3, 4.4, and 5.7 kJ mol-1 higher in Gibbs energy, respectively. 

Tricoordinate and tetracoordinate, B-type structures dominate the list of [K(GSH)]+ 

structures with the tricoordinate being of the lower energy structures. For example, GSH-K-

III-B1,3,4-iSH is only 5.0 kJ mol-1 higher in Gibbs energy at the B3LYP/6-31+G(d,p) level or 4.6 
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kJ mol-1 using B3LYP/6-311+G(3df/3pd)//B3LYP/6-31+G(d,p). While this structure is not a 

terrible match to the experimental spectrum, it is not as good as the tetracoordinate A-type 

structures discussed above (Figure S2.7). GSH-K-IV-B1,2,3,4-ii is 15.1 kJ mol-1 higher in 

Gibbs energy than the lowest energy structure; it and the other tetracoordinate B-type structures 

in general are not good matches to the experimental spectrum and/or are computed to be quite 

high in Gibbs energy.  

In general, the bicoordinate structures and the monocoordinated structure are very high 

in energy. GSH-K-II-B2,4-i is actually lower in enthalpy than the lowest energy structure by 

2.5 kJ mol-1, but owing to extensive hydrogen bonding is 8.7 kJ mol-1 higher in Gibbs energy.  

The computed infrared spectra do not agree well with the experimental spectrum (Fig. S2.7). 

 Four zwitterionic structures were identified, the lowest in energy of which is zGSH-K-

III-B1a,2,4-xxiv and is 28.2 kJ mol-1 higher in Gibbs energy relative to the lowest energy 

structures found at the B3LYP/6-31G(d,p), but only 13.5 kJ mol-1 lower in enthalpy. The 

larger relative Gibbs energy is due to strong intramolecular hydrogen bonding. The computed 

spectrum for this or any of the zwitterionic structures are not in good agreement with the 

computed IRMPD spectrum (Figure S2.7). 

Using B3LYP/6-31(d,p) Liu et al[152] determined the GSH-K-V-A1,2,3,4a-i structure 

(see Figure S2.7) to be the lowest in energy [K(GSH)]+. We were able to optimize two 

pentacoordinated structures, GSH-K-V-A1,2,3,4-i and GSH-K-V-A1,2,3,4a-i with the amine and 

all four carbonyl structures coordinated to the metal cation and which were 12.5 and 36.5 kJ 

mol-1 higher in Gibbs energy than the lowest energy GSH-K-IV-A1,3,4-iSH. Besides finding 23 
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structures lower in energy than the lowest energy pentacoordinated structure, the latter are not 

good matches to the experimental spectrum. 

2.5.3.4 [Rb(GSH)]+ 

The lowest energy structure for [Rb(GSH)]+ was found to be GSH-Rb-IV-A1,3,4-iSH and 

like for the other metals, there are similar structures with different orientations of the thiol 

moiety which are slightly higher energy, and all are adequate matches for the experimental 

spectrum.  

 The lowest enthalpy structure, GSH-Rb-II-B2,4-ia, has two of the carbonyls interacting 

with Rb+ and three intramolecular hydrogen bonds: one between the Glu OH and the glycine 

carbonyl, one between the Glu/Cys amide NH and the Glu amine, and a final one between the 

Gly/Cys amide NH and the Glu/Cys amide carbonyl. Because of these hydrogen bonds, this 

structure is entropically less favoured than the lowest energy structure resulting in a relative 

Gibbs energy of 4.2 kJ mol-1. As seen in Figure S8 there is very poor agreement between the 

computed infrared spectrum for GSH-Rb-II-B2,4-i and the experimental vibrational spectrum. 

Some other bicoordinate structures, such as GSH-Rb-II-B1,3-ivSH, have spectra that are not 

terrible matches to the experimental spectrum, but are too high in energy to be expected to 

contribute to the ion population. 

There are several tri- and tetracoordinate structures under about 26 kJ mol-1 in Gibbs 

energy, followed by several more bi- and tri- coordinate structures up to about 55 kJ mol-1 in 

Gibbs energy. Most of the computed infrared spectra do not agree well with the experimental 

spectra, but there are a few tetra- and tricoordinate B-type structures (such as GSH-Rb-IV-

B1,2,3,4-iSH, GSH-Rb-IV-B1,2,3,4-iic, and GSH-Rb-III-B1,3,4-iii) that are also in good agreement, 
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but are more than 10 kJ mol-1 higher in Gibbs energy and not likely contributors to the IRMPD 

spectrum.  

No pentacoordinate structures were found to be minima, likely because the charge 

density on the metal cation is not high enough, as in Na+ and K+, to make strong enough 

interactions to coordinate the five main basic sites of GSH. 

Three zwitterionic structures were identified, the lowest energy one, zGSH-Rb-III-

B1,2,4-ix, being 25.2 kJ mol-1 higher in energy and who’s computed IR spectrum is not in good 

agreement with the experimental spectrum (Figure S2.8). 

2.5.3.5 [Cs(GSH)]+  

The lowest energy structure found at the B3LYP/6-31+G(d,p) and B3LYP/6-

311+G(3df,3pd) (Def2SVP or Def2TZVP for Cs) was the tetracoordinated GSH-Cs-IV-A1,3,4-

iSH structure, as discussed above, is consistent with the experimental spectrum. GSH-Cs-IV-

A1,3,4-ib, GSH-Cs-IV-A1,3,4-ic, and GSH-Cs-IV-A1,3,4-id are similar structures with a different 

orientation of the thiol group and are only 2.6, 4.4, and 5.9 kJ mol⁻¹ higher in Gibbs energy, 

and their computed infrared spectra are in agreement with the experimental vibrational 

spectrum. 

There are several structures that are computed to be lower in enthalpy than GSH-Cs-

IV-A1,3,4-iSH at the B3LYP/6-31+(d,p) level of theory, but they are still higher in Gibbs 

energies, although some of them only slightly (Table S2.5 and Figure S2.9). The computed 

relative enthalpies and Gibbs energies increase by between 4 and 6 kJ mol-1. The two which 

are the lowest in energy are bi-coordinated B-type structures GSH-CS-II-B2,4-ia and GSH-CS-

II-B2,4-ib. These structures are stabilized by several intramolecular hydrogen bonds which are 
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also responsible for their unfavourable entropy and higher relative Gibbs energy. The 

computed IR spectra for these two structures do not agree with the experimental vibrational 

spectrum. Compared with the other metals, there are many bi coordinated structures computed 

to be within about 20 kJ mol-1 of Gibbs energy than the lowest energy structure, but none of 

their computed IR spectra match the experimental one except GSH-Cs-II-B1,3-vii, but it’s 

Gibbs energy is 22.4 kJ mol-1 higher than the lowest energy structure. Similarly, none of 

computed IR spectra for the tricoordinated structures are in good agreement with the 

experimental vibrational spectrum. 

Finally, for [Cs(GSH)]+, only one zwitterionic structure was found, with zGSH-Cs-II-

B1,4-xviii being 39.8 kJ mol-1 higher Gibbs energy than the lowest energy structure at the 

B3LYP/6-31G(d,p) level of theory. The computed spectrum for the zwitterionic structure did 

not agree well with the experimental IRMPD spectrum (Figure S2.9 and Table S2.5). 

2.6 Conclusions 

The present research focuses on investigating the unimolecular reactions of glutathione 

complexes with alkali metal cations in the gas phase through SORI-CID, as well as their 

structures through a combination of infrared multiphoton dissociation spectroscopy and 

computational techniques. Under soft CID conditions, glutathione complexes with charge-

dense cations such as Li+, Na+, and K+ exhibit significant fragmentation of glutathione 

compared to complexes with the heavier cations, Rb+ and Cs+ which predominantly undergo 

loss of glutathione. The reason for this difference is the stronger non-covalent binding between 

smaller metal cations and glutathione, which rival the dissociation thresholds of covalent 

interactions within the peptide complex. 
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For all the alkali metal cation complexes, the thermodynamically most stable complex 

at both the B3LYP/6-31+G(d,p) and B3LYP/6-311+G(3dp,3df)//B3LYP/6-31+G(d,p) levels 

were tetracoordinated A-type structures, where the metal cation is bound to the amino nitrogen 

as well as three of the carbonyl oxygens—all carbonyl oxygens except O2, the amide between 

glycine and cystine. O2 was not free, however, it interacted with the thiol and via a hydrogen 

bond with the amine group of glutamic acid. The computed infrared spectra for these 

complexes were consistent with the experimental vibrational spectra. Several similar 

structures, low in relative energy to the lowest energy structure were also consistent with the 

experimental spectra, but only differed in the orientation of the S-H bond.  

With the aforementioned level of theory, combined with CREST, a tool to determine 

trial structures, a thorough investigation of the conformational space was done. This work 

revealed many possible higher energy structures including pentavalent structures for the Na+ 

and K+ complexes, as well as tri-, bi-, and monocoordinated complexes along with zwitterionic 

complexes.  However, based on relative energies as well as a comparison between their 

computed infrared spectra and the experimental spectrum in the fingerprint region, the 

tetracoordinate A-type structures can be concluded to be the dominant structures in the gas 

phase. 
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3 Chapter 3 - Structures and Unimolecular Chemistry of Doubly 

Charged Metal Cation Complexes With Glutathione 

3.1 Abstract 

In this study the structures, energetics, and unimolecular reactivity of glutathione 

complexes with various doubly charged metal cations were investigated, including alkaline 

earth metals, transition metals, and heavy metals. Employing SORI-CID and IRMPD 

spectroscopy, combined with computational methods, the research explores the coordination 

chemistry of these metal-GSH complexes. Results indicate that the dissociation pathways and 

binding energies vary significantly among different metal cations. The study identifies 

common fragmentation patterns, such as the loss of water, ammonia, and pyroglutamic acid, 

and reveals distinct dissociation behaviors for certain metals. This study compares IRMPD 

spectra of protonated glutathione complexes with alkaline earth metals (Mg²⁺, Ca²⁺, Sr²⁺, Ba²⁺) 

to computed spectra of their lowest energy conformations. The metal cations coordinate to the 

amine group and four carbonyl oxygens, with additional S-H--O2 interactions and a hydrogen 

bond. Experimental spectra in the 1000-1800 cm⁻¹ region show characteristic bands that align 

with computed spectra. The structures that best match the experimental vibrational spectra are 

those identified as the lowest Gibbs energy structures using CREST at the GFNN semi-

empirical level of theory. The study identifies both pentacoordinated and hexacoordinated 

structures, revealing variations in metal-ligand interactions and providing insights into the 

structural dynamics of these complexes. This comprehensive approach bridges experimental 

observations with theoretical models, offering valuable insights into the complex chemistry of 

metal-GSH interactions. 
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3.2 Introduction 

Glutathione, composed of glutamic acid, cysteine, and glycine, is a potent antioxidant 

crucial for shielding cells from oxidative stress, defending against free radicals and reactive 

oxygen species. GSH levels can vary due to factors like age, diet, and disease; contributing to 

conditions such as cancer, neurodegenerative diseases, and cardiovascular issues [1-3]. In 

recent decades, pharmaceutical literature has emphasized metal-ligand protein coordination, 

with GSH offering ten potential binding sites for metal ions, including carboxylic acid, amino, 

and sulfhydryl groups. Furthermore, metal cations, known for their unique properties, have 

significant roles in biochemistry due to their small size, positive charge, and versatile 

coordination capabilities [4-12]. 

 

 

 

 

 

 

 

 

 

Figure 3.1 illustrates the optimized structure of L-glutathione, determined using 

B3LYP-D3/6-31+G(d,p) computational methods, showcasing its potential binding sites (blue 

circles in Figure 3.1) and hydrogen bonding interactions (pink circles in Figure 3.1). This 

visualization underscores the importance of glutathione in both antioxidant defense and metal 

Figure 3.1: Optimized Structure of L-Glutathione with Potential Binding Sites 

and Hydrogen Bonding Interactions. 
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ion coordination in biological systems. GSH is an immediate defence within cells by 

detoxifying and binding metals upon entry [13, 14]. This antioxidant plays a vital role in 

safeguarding cells against oxidative damage. The formation of metal-glutathione complexes 

can have varying effects on cells, either beneficial or harmful, contingent on the specific metal 

and complex involved [15].  

Heavy metal ions pose significant toxicity risks, as they compete with biologically 

essential metals for binding sites and interact with biologically active groups. These 

interactions often target enzymes and proteins rich in sulfhydryl moieties (-SH), such as GSH, 

helping organisms mitigate the adverse effects of heavy metals [5, 8, 16]. GSH's interactions 

with heavy cations (Cr [6, 17-22], As [23-26], Cd [6, 27, 28], Sb [29], Hg [6, 30, 31], Pb [32], 

Bi [33, 34]) have been extensively studied. Liu et al. [35] investigated GSH complexes with 

various metal cations including Li+, Na+, K+, Be2+, Mg2+, Ca2+, and Al3+. Using DFT, they 

studied binding energies and geometries of these complexes. Results revealed stronger 

interactions with lower atomic number and higher charge (Be2+ > Mg2+ > Ca2+ > Li+ > Na+ > 

K+). Similarly, Shankar et al. [36] investigated GSH interacting with Cd2+, Hg2+, and Zn2+ in 

the gas and aqueous phases using B3LYP/LANL2DZ and MP2/LANL2DZ theories. The study 

found there are strong interactions between Zn2+ and glutathione. Also, as the ionic radius of 

the metal ions increase, the amount of charge transferred from electronegative atoms to metal 

ions decreases. Consequently, as the radius of the metal ions increases, the metal-ligand 

coordination bond lengths also become longer, which correlates with the positive charge on 

the metal ions. Liu et al. [37] utilizing DFT, also investigated complexes between glutathione 

and various transition metal cations (Cr2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Hg2+) in 

the gas phase. The study identified nine stable complexes and examined factors influencing 
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binding energy. The binding energies follow the order Cu2+ > Ni2+ > Co2+ > Fe2+ > Cr2+ > Zn2+ 

> Mn2+ for metals in the same period and Zn2+ > Hg2+ > Cd2+ within the same group. Notably, 

charge transfer from S or N atoms to transition metal cations is more significant than from O 

atoms.  

In characterization and measurement of biologically occurring compounds within the 

GSH metabolome, structural and analytical mass spectrometry has played a pivotal role [38, 

39]. Burford’s study used electrospray ionization mass spectrometry (ESI-MS) to identify and 

characterize metal-GSH complexes, revealing potential impacts on metal toxicity and 

bioavailability in living systems [7]. Electrospray mass spectrometry studied metal ion 

complexes with bioligands, including GSH, exploring both weak and stable complexes with 

various coordinating interactions [35]. Banu et al. [40] investigated metal-GSH complexes in 

the gas phase, focusing on Co2+, Ni2+, Cu2+, and Zn2+. Their study, using collision-induced 

dissociation (CID) experiments, revealed distinct dissociation patterns. Co2+, Ni2+, and Zn2+ 

complexes shared similar pathways, indicating cysteine sidechain binding while preserving the 

ligand structure. Cu2+ complexes, however, exhibited unique dissociations, involving Cu2+ 

reduction to Cu+ and subsequent elimination of cysteine residue fragments.  

Overall, some research highlights the importance of understanding the coordination of 

metals in biological systems, as it can have significant implications for their toxicity and 

transport in the environment. The present work addresses a gap in previous research on GSH-

metal diction complexes by comparing the different types of cation coordination in GSH. 

Specifically, this study investigates the structures, energetics, and unimolecular reactivity of 

GSH complexes with the alkaline earth metal cations, as well as some transition and heavy 

metal dications, the investigation utilizes a combination of sustained off-resonance irradiation-
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collision-induced dissociation, infrared multiphoton dissociation spectroscopy, and 

computational methods. 

3.3 Methods 

3.3.1 Experimental 

ESI was performed using an Apollo II ion source connected to a Bruker ApexQe 7.0 

hybrid FTICR-MS to generate the ions. A syringe pump was used to inject solutions containing 

the target species into the ion source. Notably, the experiment was conducted without further 

purification of glutathione 99% (Sigma Aldrich). In all solutions, three drops of 10 mmol/L 

doubly charged metal chloride and two drops of 1% formic acid were added to 1 mL of 1 

mmol/L GSH, which was prepared in a 50/50 mixture of 18 MΩ-cm (Millipore) water and 

methanol. 

SORI-CID was performed using FTICR-MS. In the ICR cell (P = 10⁻¹⁰ mbar), an ion 

of interest, M(GSH-H)⁺ (where M represents Mg²⁺, Ca²⁺, Sr²⁺, Ba²⁺, Mn²⁺, Fe²⁺, Co²⁺, Ni²⁺, 

Cu²⁺, Zn²⁺, Cd²⁺, Hg²⁺, or Pb²⁺), was isolated and then exposed to argon at elevated pressures 

(P ≈ 10⁻⁵–10⁻⁶ mbar). During the 250 ms excitation period, several dozen to several hundred 

collisions occurred at these pressures. 

IRMPD-MS experiments in the fingerprint region were conducted at the Centre Laser 

Infrarouge d’Orsay (CLIO) near Paris, France, using a free electron laser facility coupled to 

FTICR-MS. In these experiments, ions (M(GSH-H)+, where M includes Mg2+, Ca2+, Sr2+, 

Ba2+), were isolated in the FTICR, diluted 100-fold with methanol, and electrosprayed. The 

ions were irradiated with FEL radiation at 5 cm−1 intervals for 250 ms, scanning at 3 cm−1 

intervals using two pulses of tunable infrared radiation. 
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The reported IRMPD intensity values are the negative of the natural logarithm of the 

product ion intensities which is divided by the total ion intensity. No corrections for fluctuation 

in laser intensities were used.  

3.4 Computational   

All calculations in this study were performed for M(GSH-H)+, (M= Mg2+, Ca2+, Sr2+, 

Ba2+) complexes using the Gaussian 16 program [41]. A density functional theory (DFT) 

approach was used to optimize the structures and calculate their infrared spectra utilizing the 

B3LYP-D3 functional (including Grimme’s empirical dispersion correction) and the 6-

31+G(d,p) split valance basis set [42-44] for all atoms except Sr2+, Ba2+ where the Def2SVP 

basis set and effective core potential were used. Also, the conformational space of the M(GSH-

H)+ complexes was explored using CREST [45] at the GFNN semi-empirical level of theory 

[46]. The structures generated by CREST were then evaluated using the B3LYP-D3/6-

31+G(d,p) level of theory as previously described. 

It has been noted that all relative enthalpies and Gibbs free energies are reported in 298 

K. In the (1000-1800 cm-1), the computed IR spectra were scaled by 0.975 [47, 48]. 

3.5 Results and Discussion  

3.5.1 SORI/CID of M(GSH-H)+, M = Mg2+, Ca2+, Sr2+, Ba2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, 

Zn2+, Cd2+, Hg2+ and Pb2+.  

Figure 3.2 compares the SORI-CID results for the complexes of doubly charged metals 

with glutathione. The primary losses resulting from the dissociation of these complexes are 

indicated by letters, which are further described in Scheme 3.1 and Table 3.1.  
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Scheme 3.1. Fragmentation pathways of M(GSH-H)+ where M = Mg2+, Ca2+, Sr2+, Ba2+, Mn2+, Fe2+, Co2+, Ni2+, 

Cu2+, Zn2+, Cd2+, Hg2+ and Pb2+ where following CID. 

 

 

Table 3.1: Fragmentation pathways of doubly charged metal glutathione complexes following CID. P represents 

the M(GSH-H)+ ion of the GSH complexes. 

Fragment type Positive m/z Fragment Name 

a P-17.0 Loss of NH3 

b P-18.0 Loss of H2O 

c P-34.1 Loss of H2S 

d P-75.0 Loss of Glycine or C2NO2H5 

e P-129.0 Loss of Pyroglutamic acid 

f P-307.0 Loss of Glutathione 

 

Upon SORI activation, the common primary fragmentation pathways involved the loss 

of water (fragment b, 18.0 Da) in most M(GSH-H)+ complexes with doubly charged metals 

(excluding Ni2+, Cu2+, and Hg2+). However, Ni(GSH-H)+ and Cu(GSH-H)+ SORI mass spectra 

showed the loss of NH3 (fragment a, loss of 17.0 Da). Additionally, all metals except Mn, Zn, 

and Hg experienced the loss of pyroglutamic acid (fragment e, 129.0 Da). The loss of H2S 

(fragment c, with a mass loss of 34.0 Da) resulted in the formation of ions at m/z 312.1 and 

330.2 for Ca(GSH-H)+ and Ni(GSH-H)+, respectively. The ion at m/z 237.2 was generated by 

the loss of glycine (75.0 Da) from the b fragment in Mg(GSH-H)+, or vice versa. The main 
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fragmentation observed in Co, Ni, Zn, and Cd complexes was the loss of C2H5NO2 (glycine, 

fragment d, loss of 75.0 Da). However, in the case of Cu(GSH-H)+ and Pb(GSH-H)+, glycine 

was found to be lost as a minor primary fragmentation pathway (Figure 3.2).

 

Figure 3.2: SORI/CID spectra obtained for M(GSH-H)+ where M = Mg2+, Ca2+, Sr2+, Ba2+, Mn2+, Fe2+, Co2+, 

Ni2+, Cu2+, Zn2+, Cd2+, Hg2+ and Pb2+. 

 

In the case of Hg(GSH-H)+, ions at m/z 306.1, 288.1, and 177.1 were produced, which 

correspond to the loss of Hg+, Hg++b, and Hg++e, respectively. However, The Pb(GSH-H)+ 

undergoes fragmentation through the elimination of neutral glutathione (307.0 Da), resulting 

in the separation of the metal cation. Figure 3.2 and Figures S3.1-S3.9 illustrate the 

fragmentation pathways. 
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3.5.2 Computed structures and vibrational spectra of glutathione complexes with 

doubly charged metals. 

The naming conventions for structures, such as the lowest energy configuration for 

Mg(GSH-H)+, O1-GSH-Mg-V-A1,1a,3,4-iSH, are as follows. The uppercase Roman numeral 

denotes the metal's coordination number: monocoordinated (I), dicoordinated (II), tri-

coordinated (III), tetracoordinated (IV), pentacoordinated (V), and hexacoordinated (VI). This 

is succeeded by a letter (A, B, or C) indicating the coordination groups: A when the metal 

coordinates with the N-terminal amino group and at least one carboxyl or carbonyl group of 

glycine and glutamic acid, B when the metal is exclusively bound to carboxyl or carbonyl 

oxygens, and C when the metal complex involves the thiol group along with carboxyl or 

carbonyl groups. The subscripts specify which carbonyl or hydroxyl oxygens are bound to the 

metal, following the numbering scheme in Scheme 3.1. The lowercase Roman numerals are 

used to distinguish conformational isomers based on their relative Gibbs energies, arranged 

from lowest to highest. Structures that differ only in the conformation of the thiol group are 

assigned the same lowercase Roman numeral. They are distinguished by energy using 

subscripts a, b, c, d, except when an S-H---O2 interaction is present, in which case the 

subscripted SH replaces one of these letters. Finally, the prefix "Z" signifies a zwitterionic 

structure, while the prefix "O", indicates the protonated locations of H in protonated GSH. 
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3.5.2.1 M(GSH-H)+ where M = Mg2+, Ca2+, Sr2+ and Ba2+. 

In Figure 3.3 the IRMPD spectra of protonated glutathione complexes with alkaline 

earth metals (Mg²⁺, Ca²⁺, Sr²⁺, and Ba²⁺) are compared with the theoretically computed spectra 

of their lowest energy conformations. In these lowest energy structures, glutathione (GSH) is 

deprotonated at the carboxylic acid group of glycine and the metal cations are coordinated to 

the amine group and the four carbonyl oxygens (labeled 1, 1a, 3, and 4) through ion-dipole 

interactions. These structures also exhibit S-H--O2 interactions and a hydrogen bond between 

O2 and a hydrogen atom from the amine group. Notably, the SH--O2 distance slightly 

increases from 2.636 Å in Mg(GSH-H)+ to 2.691 Å in Ba(GSH-H)+. Similarly, the hydrogen 

bond distance between the amine and O2 decreases from 2.114 Å to 1.925 Å across the series 

Figure 3.3: Experimental IRMPD spectra (gray traces) and computed infrared spectra (black traces) for 

M(GSH-H)+ where M = Mg2+, Ca2+, Sr2+, and Ba2. 
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of complexes. As expected, the distances between the metal cations and N/O atoms increase 

with the size of the metal cation.  

Based on the good agreement between the experimental IRMPD spectra of Mg(GSH-

H)+ and Sr(GSH-H)+ and the spectra of the lowest energy structures, the experimental bands 

in the fingerprint region can be assigned, as shown in Figure 3.2. From 1700 cm-1 to 1770 cm-

1, all spectra for alkaline earth metals exhibit absorptions indicative of C=O2, and C=O4, 

stretching. Specifically, a peak at 1736 cm-1 in Mg(GSH-H)+ corresponds to the C=O stretching 

of a free carbonyl group and C=O4. Common features across all spectra include a prominent 

band around 1546 cm-1 and 1455 cm-1, potentially associated with CNH bending and C–COO 

stretching, along with a well-defined shoulder at approximately 1683 cm-1, possibly assigned 

to NH2 scissoring motions. Furthermore, intense bands ranging from 1600 cm-1 to 1680 cm-1 

are attributed to C=O3 stretching. Additionally, distinctive characteristics below 1300 cm-1 are 

observed, representing modes such as COH bending and CH2 rocking. 

Figure 3.4 compares the structures of glutathione complexes involving group 1 and 

group 2 cations with the lowest energy configurations. Group 1 cations, which are singly 

charged metals, were discussed in the previous chapter. In contrast, group 2 cations are doubly 

charged and form complexes with deprotonated glutathione. In the lowest energy 

configuration, glutathione is deprotonated at the carboxylic acid group of glycine, the most 

acidic group within glutathione [2]. Lithium is used as an example of alkali metals, and 

magnesium represents alkaline earth metals. The Li complex is tetracoordinated, whereas the 

Mg complex is pentacoordinated. In their lowest energy structures, the metal cations 

coordinate with the amine group and the four carbonyl oxygens through ion-dipole 
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interactions. Both structures exhibit S-H--O2 interactions and a hydrogen bond between O2 

and a hydrogen atom from the amine group. 

The lowest energy configuration for M(GSH-H)+ (M=Mg2+, Ca2+, Sr2+, and Ba2+) is the 

pentacoordinated O1-GSH-M-V-A1,1a,3,4-i, as determined at the B3LYP-D3/6-31+G(d,p) level 

of theory. The lowest energy structures indicate that glutathione is deprotonated at the carboxyl 

group of the C-terminal glycine, consistent with it being the most acidic functional group of 

GSH.  

The next lowest energy structure for all alkaline earth metals found at the B3LYP/6-

31+G(d,p) and B3LYP/6-311+G(3df,3pd) (Def2SVP or Def2TZVP for Sr and Ba) were shown 

in Figure 3.5. However, Mg(GSH-H)⁺ and Ba(GSH-H)⁺ are pentacoordinated, while Ca(GSH-

H)⁺ and Sr(GSH-H)⁺ are hexacoordinated. O2 interacts more strongly with the metal in Ca and 

Sr structures. The A-type structure, O1GSH-Mg-V-A1,1a,3,4-iiSH, is 12.5 kJ mol-1, higher in 

Gibbs energy than the lowest energy structure and in good agreement with the experimental 

IRMPD spectrum. The computed IR spectrum of the O1-GSH-Ca-VI-A1,1a,2,3,4-iSH complex is 

Figure 3.4: Comparison of Glutathione Complex Structures with Group 1 (Li) and Group 2 (Mg) Cations in Their Lowest 

Energy Configurations. 
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only 11.4 kJ mol⁻¹ higher in Gibbs energy and matches the experimental spectrum well above 

1450 cm⁻¹, including the C=O stretch region, but not below 1450 cm⁻¹. The hexacoordinated 

O1-GSH-Sr-VI-A1,1a,2,3,4-iSH complex and its computed IR spectrum align well with the 

experimental IRMPD spectrum, but its Gibbs energy is 15.0 kJ mol-1 higher than the lowest 

energy structure. The IR spectrum of the pentacoordinated structure with 12.0 kJ mol-1 higher 

in Gibbs energy than the lowest energy, O1-GSH-Ba-V-A1,1a,3,4-iiSH, also matches well with 

the experimental spectrum above 1650 cm⁻¹, though the agreement is less satisfactory in the 

fingerprint region below 1650 cm⁻¹ (Figure 3.5). 

 

Figure 3.5: Experimental IRMPD spectra (gray traces) and computed infrared spectra (black traces) for M(GSH-H)+ where M = 

Mg2+, Ca2+, Sr2+, and Ba2. 
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3.6 Conclusions 

In conclusion, the SORI/CID analysis of M(GSH-H)+ complexes provided insights into 

their primary fragmentation pathways, revealing common trends and distinct behaviours 

among different metal ions. While most complexes exhibited the loss of water as a primary 

fragmentation product, variations such as the loss of NH3, pyroglutamic acid, glycine, and H2S 

were observed depending on the metal ion involved. Additionally, the fragmentation patterns 

of Cu(GSH-H)+ and Pb(GSH-H)+ differed from the general trends, indicating unique 

dissociation mechanisms for these complexes. 

Furthermore, computational studies elucidated the structures and vibrational spectra of 

glutathione complexes with doubly charged metals. The lowest energy configurations of these 

complexes were identified, showcasing variations in coordination numbers and binding 

patterns based on the metal ion. The comparison between experimental IRMPD spectra and 

computed spectra provided valuable insights into the coordination geometries and vibrational 

modes of these complexes. While overall agreement was observed between experimental and 

theoretical spectra, discrepancies were noted in certain regions, suggesting areas for further 

investigation and refinement in computational models. 

Overall, the combined experimental and computational approaches presented in this 

study deepen our understanding of the structural and chemical properties of M(GSH-H)+ 

complexes, laying the groundwork for future research in metal-ligand interactions and their 

implications in biological systems. 
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4 Chapter 4 - Analysis of Non-Covalent Interactions Between 

Glutathione and Seven Amino Acids: Exploring Binding Energy and 

Stability in the Gas Phase 

4.1 Abstract 

This study uses the BIRD technique across various temperatures to explore the 

dissociation dynamics of protonated amino acid-GSH complexes. We investigated the 

dissociation behaviors of [Arg(GSH+H)]⁺, [Lys(GSH+H)]⁺, [His(GSH+H)]⁺, [Asn(GSH+H)]⁺, 

[Gln(GSH+H)]⁺, [Asp(GSH+H)]⁺, and [Glu(GSH+H)]⁺, and correlated these findings with 

proton affinity data and kinetic parameters. Arginine, with the highest proton affinity, primarily 

dissociated to produce protonated arginine, unlike other complexes which more frequently 

resulted in the production of protonated GSH. Kinetic analyses, derived from Arrhenius plots, 

revealed that dissociation rates increase with temperature, with [Asp(GSH+H)]⁺ showing the 

fastest dissociation (k = 0.339 s⁻¹ at 74°C), and [Lys(GSH+H)]⁺ demonstrating the slowest rate 

(k = 0.004 s⁻¹ at 74°C). Activation energies and pre-exponential coefficients varied 

significantly among complexes, with slower dissociating species displaying higher activation 

energies and pre-exponential factors. Entropy changes (ΔS†) upon dissociation were also 

diverse, with most complexes exhibiting either neutral to loose transition states, while 

[Asp(GSH+H)]⁺ and [Glu(GSH+H)]⁺ showed more ordered transition states. These findings 

offer insights into the influence of proton affinity, temperature, and structural features on the 

dissociation kinetics of protonated amino acid complexes. 

4.2 Introduction 

Proteins, recognized as vital constituents of life, are complex molecules essential for 

the operation of living organisms. They are primarily comprised of carbon, hydrogen, oxygen, 
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nitrogen, and often sulfur. These macromolecules are constructed by linking amino acids 

(AA)s together, with 20 standard proteinogenic amino acids composing their structure [1]. 

Amino acids possess a shared structure characterized by an acid or carboxyl group (─COOH) 

and a basic or amine group (most often ─NH2) [2]. Amino acids are typically classified as 

polar and non-polar and further characterized as basic, acidic, or neutral based on their side 

chain attributes.  

Peptides play essential roles in both plant and animal systems, consisting of chains of 

amino acids interconnected by peptide bonds [6]. The function of peptides hinges on factors 

like the number, sequence, arrangement, and biological activity of the constituent amino acids 

[6]. Glutathione is one of the fundamental and essential small biomolecules, found in 

millimolar concentrations within the cells of all organisms. It plays a multitude of vital 

physiological roles, including acting as a significant guardian within cells by serving as a 

pivotal antioxidant, antitoxin, and cofactor. The Meister cycle involves γ-glutamyl 

transpeptidase, which aids in the covalent binding of glutathione to transport extracellular 

amino acids into cells. Given its importance, we have investigated the non-covalent 

interactions between glutathione and seven different amino acids in an in vitro equilibrium 

system, focusing on the formation of protonated complexes in the gas phase [2, 7, 8]. In 

previous chapters, we investigated the non-covalent interactions between glutathione and 

various alkali metals, alkaline earth metals, as well as some transition and heavy metals. In this 

chapter, I focus on the non-covalent interactions between glutathione and seven different 

amino acids. arginine (Arg) which contains a guanidine group, lysine (Lys) with an additional 

amine functional group, and histidine (His) with heterocyclic imidazole side chain, are polar 

and acidic, capable of accepting protons and resulting in a positive charge under physiological 
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pH conditions. asparagine (Asn) and glutamine (Gln) studied in this work, are examples of 

polar neutral amino acids. Structurally, they share similarities due to the presence of amide 

groups in their side chains. Glutamine, a plentiful free amino acid in plasma, is utilized in 

intracellular GSH synthesis by transforming into glutamate [3, 4]. Both Asn and Gln are vital 

for promoting the growth, proliferation, and survival of certain cancer cells. aspartic acid (Asp) 

and glutamic acid (Glu) are categorized as acidic amino acids due to the presence of an extra 

carboxyl group. These amino acids play important regulatory roles in areas such as nutrition, 

energy metabolism, and responses to oxidative stress [5].  

To study the non-covalent interactions between GSH and amino acids, we employed 

the BIRD technique, which originated in the mid-1990s as zero-pressure thermal-radiation 

induced dissociation (ZTRID) [9-11]. BIRD has proven effective in determining the binding 

energies of weakly-bound ionic complexes trapped in a Fourier transform ion cyclotron 

resonance mass spectrometer [12, 13]. This technique is particularly useful for studying the 

binding energies of noncovalent gas-phase complexes, providing valuable insights into their 

behavior in solution[18]. Unlike some methods, BIRD is cost-effective and easy to implement, 

requiring no laser alignment or ion axialization, and employs broadband blackbody radiation 

from the vacuum chamber storing the ions [14-19]. 

Through the application of BIRD, our study aims to provide a deeper understanding of 

the non-covalent interactions between glutathione and common amino acids, contributing to 

the broader knowledge of cellular function and potential pharmacological applications  

It is a well-known fact that a protein's biological purpose is frequently linked to its non-

covalent interactions with other components present in a living cell. Examining these 
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associations could be advantageous in revealing the mysteries of cellular function during both 

health and disease states [20, 21]. It is imperative that we investigate the non-covalent 

interactions between small molecules and biomacromolecules. This interest arises from the 

potential applications of these interactions in the field of pharmacology [22, 23]. Glutathione 

is regarded as one of the fundamental and essential small biomolecules. It exists in millimolar 

concentrations within the cells of all organisms and plays a multitude of vital physiological 

roles [24, 25]. Glutathione plays a critical role in safeguarding cells through a triple protective 

function, serving as an indispensable antioxidant, antitoxin, and cofactor. Glutathione also acts 

as a significant guardian within cells, providing a triple shield by serving as a pivotal 

antioxidant, antitoxin, and cofactor. The Meister cycle involves γ-glutamyl transpeptidase, 

which aids in the covalent binding of glutathione to transport extracellular amino acids into 

cells [26]. In human blood, the concentrations of glutathione typically fall within the range of 

1 to 3 mmol L-1, while for typical amino acids, the concentrations are in the range of 10–2 to 

10–6 mol L-1 [27]. This observation suggests that the formation of non-covalent complexes 

between glutathione and amino acids is feasible under these specific conditions, given the 

differences in their concentration ranges in human blood. Through the involvement of γ-

glutamyl transpeptidase, glutathione can actively facilitate the transport of extracellular amino 

acids into cells via covalent binding within the framework of the Meister cycle. Recently, 

Schmidt and colleagues conducted a quantitative evaluation of the binding of phenylarsenic 

species to glutathione, isotocin, and thioredoxin using ESI–MS [28]. Their research has 

rekindled our interest in delving into the non-covalent interactions between glutathione and 

other small molecules. 
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However, there is still a lack of comprehensive research on the non-covalent binding 

of glutathione to common amino acids. Due to the limited research on the non-covalent binding 

of glutathione to common amino acids, our study utilized the BIRD technique to investigate 

the interaction between glutathione and common amino acids in an in vitro equilibrium system. 

4.3 Methods 

In this work, the [Aa(GSH+H)]+ complexes were prepared as a solution containing 1 

ml of 1 mM Glutathione (Sigma Aldrich), 1 ml of 1 mM Aa (Aa = His, Arg, Lys, Gln, Asn, 

Glu, and Asp) and two drops of 1% formic acid was made in a 50/50 mix of 18 MΩ-cm 

(Millipore) water and methanol. All experiments were carried out utilizing a Bruker ApexQe 

7.0 hybrid FTICR mass spectrometer in the Laboratory for the study of the energetics, 

structures, and reactions of gaseous ions at Memorial University [29]. The ICR cell was heated 

using a heating jacket wrapped around the flight tube, which extended from the ICR cell to the 

gate valve [16]. BIRD studies required the isolation of a single complex within the ICR cell 

over a period of time, allowing for the continuous monitoring of dissociation processes. This 

enabled the monitoring of variations in the presence or quantity of precursor and fragment ions 

at a specific temperature as a function of time. In this method, molecules were isolated within 

the ICR cell under a background pressure of 10-10 mbar and specific temperature, and the 

intensities of precursor and product ions were recorded after a varying period. Depending on 

the specific complex, the electrosprayed ions of [Aa(GSH+H)]+ were allowed to accumulate 

in the ion source for varying durations, ranging from 1.0 to 30 seconds. Subsequently, these 

ions underwent mass selection using a quadrupole mass filter and were then further 

accumulated in a hexapole collision cell for periods ranging from 1.0 to 2.0 seconds After 
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which they were guided to the ICR cell where they are stored and allowed to react for varying 

times and analyzed. 

The analysis of the BIRD data involved the determination of unimolecular dissociation 

rate constants (k) by fitting the observed intensities of precursor ions at various times to the 

following equation: 

[I]t = [I]0e
−kt (1) 

In Equation 1, [I]0 represents the initial precursor ion intensity, and it is set to 1 as 

part of the normalization process. [I]t represents the normalized intensity of the quadruplex 

at reaction time, t. Additionally, k is the first order rate constant for dissociation of the 

precursor ion. The determination of the rate constant for a specific dissociation pathway 

involves assessing the relative product yields. Subsequently, a plot of BIRD rate constants 

versus the reciprocal temperature, T, was used to determine the Arrhenius pre-exponential 

factor (Aobs) and activation energy (Ea) according to the Arrhenius equation: 

                                                       ln k = lnAobs −
Ea
kBT

 (2) 

∆S† = (ln(Aobs) − ln (
kBT

h
) − 1)× R (3) 

where R and h are the gas constant and the Planck constant, respectively. 
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4.4 Results and discussion 

Figure 4.1 demonstrates BIRD dissociation acquired for [Arg(GSH+H)]+, 

[Lys(GSH+H)]+, [His(GSH+H)]+, [Asn(GSH+H)]+, [Gln(GSH+H)]+, [Asp(GSH+H)]+, and 

[Glu(GSH+H)]+, respectively.  

The BIRD analysis reveals that in the dissociation of [Arg(GSH+H)]+ the only fragment 

observed is protonated arginine at 175 m/z. In contrast, [Lys(GSH+H)]+ dissociates into both 

protonated GSH and protonated lysine at 308 m/z and 147 m/z. For [His(GSH+H)]+, 

[Asn(GSH+H)]+, [Gln(GSH+H)]+, [Asp(GSH+H)]+, and [Glu(GSH+H)]+ dissociation results 

in only the protonated glutathione at 308 m/z as the observed fragment (see Figure 4.1). 

To compare this result with existing literature, Uddin et al. [31] benchmarked the 

thermochemical properties of common α-amino acids, including proton affinity and gas-phase 

basicity for both protonated and deprotonated forms, using B3LYP/6-31+G(d,p) and CBS-

QB3 methods. Gronert et al. [32] calculated the proton affinities of 20 common amino acids at 

Figure 4.1: BIRD Analysis of Dissociation of Protonated Glutathione and Seven Amino Acids. 
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the G3MP2 level, utilizing structures from extensive conformational searches. In this work, 

proton affinities were computed using the structures of the neutral and protonated amino acids 

with the lowest Gibbs energy at 298 K. For the values in parentheses, the lowest 298 K enthalpy 

structures were used. Table 4.1 compares these computational results with experimental proton 

affinity and gas-phase basicity values obtained from the NIST website [33] .  

 

 B3LYP/6-31+G(d,p) G3MP2 CBS-QB3 
Exp [34] 

 Uddin [32] This work Gronert [33] This work Uddin [32] This work 

Arg 1053 1059[1025] 1046 1047[1014] 1044[1009] 1045[1011] 1051[1007] 

Lys 1000 1018 [971] 1000 1002 [956] 997 [960] 1001 [955] 996 [951] 

His 985 988 [955] 979 979 [947] 977 [945] 977 [944] 988 [950] 

Gln 977  973  973  938 

Asn 944  936  936  928 

Glu 953  948  948  913 

Asp 924  916  916  909 

GSH  981 [957]  978 [947]  975 [951]  

 

  

In Table 4.1, arginine demonstrates the highest proton affinity and gas basicities, 

significantly contributing to the dissociation of protonated amino acids, while in other 

complexes, protonated GSH tends to be the primary product. The arginine side chain's strong 

basicity results from the stabilization of its positive charge through resonance. Histidine's side 

chain, with its two nitrogens, has a relatively moderate affinity for an additional proton (H+). 

Lysine's overall basic nature is due to its possession of two amine groups, particularly the 

second isolated amine group.  

The kinetic parameters were derived from the Arrhenius plots. Figures 4.2 and S4.1-8 

represent the kinetic plots obtained for [Aa(GSH+H)]+, (Aa = Arg, Lys, His, Gln, Asn, Glu, 

Table 4.1: Computed and Experimental Proton Affinities and Gas Basicities for Various Amino Acids and 

Glutathione. 
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Asp) at different temperatures ranging from 20-74°C. And they are listed in Table 4.2. The rate 

constants denoted in the figures were determined from the slope of a linear least squares fit 

applied to the kinetic data at each temperature. Note that the BIRD rate constants for all 

complexes are within the rapid exchange limit in the 10-3 s-1 regime [34, 35].  

Figure 4.2 displays a representative set of BIRD data for [Arg(GSH+H)]+ collected at 

various temperatures ranging from 54 to 74 oC, illustrating the exponential decay from which 

k(T) values are derived. As expected, the dissociation rate accelerates at higher temperatures, 

as evidenced by the increase in the rate constant. For example, at 74°C, the rate constant is 

0.1911 s⁻¹, compared to 0.0031 s⁻¹ at 54°C.  

 

Figure 4.2: BIRD Data for Dissociation of [Arg(GSH+H)]+ Across Different Temperatures. 
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Table 4.2: The rate constant for Various Amino Acids and Glutathione at different temperatures. 

   T (°C) 

Species 

20 26 35 44 54 65 69 74 

[Arg(GSH+H)]+     0.0032 0.0083 0.0139 0.0191 

[Lys(GSH+H)]+     0.0004 0.0012 0.0021 0.0040 

[His(GSH+H)]+    0.0007 0.0027 0.0138 0.0177 0.0206 

[Asn(GSH+H)]+ 0.0019 0.0041 0.0109 0.0223 0.0580 0.0968 0.1414 0.2037 

[Gln(GSH+H)]+   0.0006 0.0017 0.0066 0.0190 0.0275 0.0441 

[Asp(GSH+H)]+ 0.0067 0.0114 0.0302 0.0560 0.1342 0.2148 0.2762 0.3390 

[Glu(GSH+H)]+ 0.0020 0.0043 0.0124 0.0244 0.0639 0.0873 0.1678 0.2284 

 

The BIRD rate constants for the dissociation of [Lys(GSH+H)]+ at various temperatures 

are displayed in Figure S4.1. When compared to the [Arg(GSH+H)]+ results, the dissociation 

process for [Lys(GSH+H)]+ proceeds at a slower pace and takes more time to reach completion 

as seen in Table 4.2 and Figure S4.1. This is reflected in the longer dissociation times and the 

smaller values of k at the same temperatures, confirming the differences in dissociation kinetics 

for this species. This may indicate that [Lys(GSH+H)]+ is a more strongly bound complex, 

which requires more energy for dissociation, resulting in the observed longer dissociation times 

and smaller k values at the same temperatures (see Table 4.2 and Fig S4.1). Figure S4.2 

presents the findings for [His(GSH+H)]+, revealing dissociation with a lower rate constant that 

begins at 44°C. This observation confirms a higher dissociation rate with increasing 

temperature. Notably, at T=74°C, the dissociation rate constant is as low as k=0.02054 s-1, 

indicating the accelerated dissociation kinetics at higher temperatures for this particular 

species. For [Asn(GSH+H)]+, compared to the previous complex, we can note that dissociation 

observed at a lower temperature (20°C) shown in Table 4.2 and Figure S4.3. Furthermore, the 
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dissociation rate constant "k" is larger at the same temperatures, with a value of k = 0.2037 s-1 

at T = 74°C, signifying a faster dissociation rate for [Asn(GSH+H)]+ in comparison to the 

previous cases. In Figure S4.4 and Table 4.2, which focus on [Gln(GSH+H)]+, we can observe 

that the dissociation process commences at T=35°C. As the temperature increases, the 

dissociation process occurs more rapidly, as indicated by higher rate constants, suggesting an 

accelerated dissociation process. In Figure S4.5 and Table 4.2, our BIRD study focused on 

[Asp(GSH+H)]+. Remarkably, the dissociation process for this complex was initiated at a 

relatively low temperature of 20°C. At T=74°C, we observed the highest value for the 

dissociation rate constant, measuring at 0.339 s-1. This "k" value stands out as the highest 

among all the complexes examined at the same temperature, indicating a notably rapid 

dissociation for [Asp(GSH+H)]+ compared to the others. In Figure S4.6 and Table 4.2, our 

study investigated the dissociation of [Glu(GSH+H)]+. Similar to the previously discussed 

complex, the dissociation process for [Glu(GSH+H)]+ commenced at T=20°C. Notably, as the 

temperature increased, the dissociation rate consistently increased across all seven temperature 

points examined. To compare the BIRD constants effectively, we can focus on the "k" value 

measured at T=74°C, which was determined for all complexes. In descending order, the "k" 

values rank as follows: [Asp(GSH+H)]+, [Glu(GSH+H)]+, [Asn(GSH+H)]+, [Gln(GSH+H)]+, 

[His(GSH+H)]+, [Arg(GSH+H)]+, and [Lys(GSH+H)]+.  

We determined Arrhenius activation energies by examining the temperature-dependent 

dissociation rate constants, as shown in Figure 4.3. These Arrhenius data were accurately fitted 

using linear regressions, resulting in high coefficients of determination (R²) ranging from 0.94 

to 0.99. Figure 4.3 presented the base-10 logarithm of the pre-exponential factors log Aobs and 

activation entropies ∆𝑆†. Consistently, the activation energy (E0) and  Log Aobs for the 
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complex with a slower dissociation rate was higher compared to its faster dissociating 

counterpart, aligning with the outcomes derived from the BIRD constants.  

 

 
Figure 4.3: Arrhenius Plot for Temperature-Dependent Dissociation Rate Constants of [Arg(GSH+H)]+ and 

Other Complexes. 

 

∆𝑆†signifies the difference in entropy between the reactant and the transition state. The 

positive value of ∆𝑆† signifies a transition state less ordered than the reactants, characterizing 

it as "loose" and providing insights into the reaction's nature. A negative ∆𝑆† indicates a more 

ordered, "tight" transition state compared to the reactants, typically associated with 

rearrangement reactions, while "loose" transition states, correlated with bond cleavage 

reactions, display a positive ∆𝑆†. In the present cases, [His(GSH+H)]+, [Lys(GSH+H)]+, and 

[Gln(GSH+H)]+ are expected to be neutral to loose, with transition state entropies of 32.4, 

30.1, and 4.8 J mol-1 K-1. And large negative activation entropies of [Asp(GSH+H)]+, 

[Glu(GSH+H)]+, [Asn(GSH+H)]+, and [Arg(GSH+H)]+ may suggest that the dissociation 

reactions occur with a tight transition state without a significant barrier (-80.6, -59.8, -57.8, 
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and -13.47 J mol-1 K-1), compared to the -80.6, -59.8, -57.8, and -13.47 J mol-1 K-1 entropy of 

[Asp(GSH+H)]+, [Glu(GSH+H)]+, [Asn(GSH+H)]+, and [Arg(GSH+H)]+. 

Upon dissociation, the higher entropy values (32.4, 30.1, and 4.8 J mol-1 K-1) of 

components [His(GSH+H)]+, [Lys(GSH+H)]+, and [Gln(GSH+H)]+ compared to the -80.6, -

59.8, -57.8, and -13.47 J mol-1 K-1 entropy of [Asp(GSH+H)]+, [Glu(GSH+H)]+, 

[Asn(GSH+H)]+, and [Arg(GSH+H)]+ result in a more entropically favorable. 

4.5 Conclusion 

This study presents a examination of the dissociation kinetics of protonated amino acid-

GSH complexes using BIRD methodology, revealing significant variations in dissociation 

rates and mechanisms influenced by temperature and amino acid proton affinity. Arginine, 

characterized by its high proton affinity, demonstrates the most substantial role in dissociation 

dynamics, while lysine exhibits slower dissociation rates with its dual amine groups. The 

kinetic data indicate that dissociation rates generally increase with temperature, underscoring 

the impact of thermal energy on the cleavage of bonds within these complexes. 

The Arrhenius analysis of activation energies highlights a correlation between slower 

dissociation rates and higher activation energies. Notably, complexes such as [Asp(GSH+H)]⁺ 

and [Glu(GSH+H)]⁺, have faster dissociation rates. Conversely, complexes with slower 

dissociation rates tend to exhibit more ordered transition states. 

This study serves as the initial phase of a broader investigation into protonated amino 

acid-glutathione complexes. Further experimental and computational work is needed to deepen 

our understanding. Future research should aim to expand experimental techniques, such as 
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IRMPD and CID, to identify lower-energy structures, and include master equation modeling 

for comprehensive analysis. 
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5 Chapter 5 - Summary and Outlook 

Chapter 2 comprehensively examines the results and implications of SORI-CID and 

vibrational spectroscopy analyses of [M(GSH)]+ complexes, where M represents various alkali 

metal (Li, Na, K, Rb, and Cs) cations. The study provides significant insights into the 

fragmentation behaviors and structural characteristics of these complexes, revealing key 

differences attributable to the size and charge density of the metal cations. 

The SORI-CID results for the [M(GSH)]+ complexes demonstrate a clear trend related 

to the nature of the metal cation. For all alkali metal complexes, common fragmentation 

pathways include the loss of water and pyroglutamic acid, with the latter also being prominent 

in other glutathione conjugates. Notably, [Rb(GSH)]+ and [Cs(GSH)]+ primarily fragment via 

the loss of neutral glutathione, indicating that these larger cations are less tightly bound 

compared to smaller cations like Li+, Na+, and K+. This observation aligns with the expectation 

that smaller metal cations have a stronger binding affinity, leading to more extensive 

fragmentation and the appearance of secondary fragments, such as NH3 and H2S, especially in 

the [Li(GSH)]+ and [Na(GSH)]+ complexes. The absence of metal cation products in the CID 

spectra of [K(GSH)]+ and the expected non-detection of smaller metal cations in complexes 

with Li+ and Na+ highlight the influence of metal size on fragmentation patterns. The data 

shows that smaller cations lead to more pronounced fragmentation of the glutathione molecule, 

while larger cations primarily result in the loss of glutathione itself. 

The IRMPD spectra of [M(GSH)]+ complexes, compared with computationally derived 

spectra, reveal detailed structural insights. The lowest energy structures consistently show that 

the metal cations are bound through ion-dipole interactions with amine and carbonyl groups, 
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with additional hydrogen bonding and S-H--O2 interactions observed. The elongation of the 

S-H--O2 distance and variations in the metal to N and O distances across different metal 

cations align with the expected increase in metal size, affecting the binding geometry. The 

vibrational spectra further emphasize these structural variations, with specific absorption 

features corresponding to different coordination environments and bond interactions. For 

instance, shifts in the C=O stretching frequencies and amide bending vibrations reflect changes 

in coordination and bonding with the metal cations. The observed spectral features, particularly 

in the higher energy region, confirm the presence of free carboxylic acid O-H groups and N-H 

stretching, indicating less diagnostic utility for structural determination in this region. 

The exploration of higher energy structures for [Li(GSH)]+, [Na(GSH)]+, [K(GSH)]+, 

and [Rb(GSH)]+ provides further context on the stability and preferences of these complexes. 

For [Li(GSH)]+ and [Na(GSH)]+, the inclusion of additional interactions, such as SH—O2, 

stabilizes the lowest energy structures. This trend is consistent across all examined metal 

cations, where structures with stronger metal binding interactions and more favorable 

geometries align with the experimental IR spectra. Conversely, higher energy structures, 

including zwitterionic forms and pentacoordinated arrangements, generally do not match the 

experimental data well, reflecting their reduced stability or unfavorable bonding configurations. 

The detailed analysis of these higher energy structures confirms the robustness of the 

lowest energy configurations predicted by the models and provides insight into the potential 

energy barriers associated with alternative binding modes. For [Rb(GSH)]+, the study identifies 

both low-energy structures and higher energy forms with notable differences in vibrational 

spectra, suggesting a complex interplay between metal coordination and structural stability. 
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In conclusion, the combined SORI-CID and vibrational spectroscopy analyses 

presented in this chapter offer a thorough understanding of the fragmentation and structural 

characteristics of [M(GSH)]+ complexes. The findings underscore the influence of metal cation 

size on fragmentation patterns, structural configurations, and vibrational properties. Smaller 

alkali metal cations induce more extensive fragmentation and tighter binding interactions, 

while larger cations primarily lead to the loss of glutathione. The study effectively 

demonstrates how computational modeling and experimental data can be integrated to 

elucidate the structural and dynamic properties of metal-glutathione complexes, contributing 

valuable insights to the field of metal-ligand interactions. 

In Chapter 3, we have explored the fragmentation patterns and structural characteristics 

of doubly charged metal glutathione complexes using SORI-CID and IRMPD spectroscopy. 

The comprehensive analysis of SORI-CID results for complexes of doubly charged metals 

(Mg²⁺, Ca²⁺, Sr²⁺, Ba²⁺, Mn²⁺, Fe²⁺, Co²⁺, Ni²⁺, Cu²⁺, Zn²⁺, Cd²⁺, Hg²⁺, Pb²⁺) reveals insightful 

trends and differences in fragmentation behaviors, driven by the metal's charge density and 

coordination environment. The primary fragmentation pathways observed in these complexes 

include the loss of water, ammonia, H₂S, glycine, pyroglutamic acid, and glutathione. Notably, 

the loss of water (18.0 Da) was predominant across most metal complexes, with exceptions in 

Ni²⁺, Cu²⁺, and Hg²⁺ complexes where the loss of ammonia (17.0 Da) was more common. 

Additionally, the fragmentation due to the loss of pyroglutamic acid (129.0 Da) was observed 

in all metals except Mn, Zn, and Hg. The significant loss of glycine (75.0 Da) was noted in 

Co²⁺, Ni²⁺, Zn²⁺, and Cd²⁺ complexes, while Cu²⁺ and Pb²⁺ exhibited glycine loss as a minor 

pathway. 
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The results from SORI-CID are complemented by computed structures and vibrational 

spectra obtained through IRMPD experiments. The computed structures for alkaline earth 

metal complexes (Mg²⁺, Ca²⁺, Sr²⁺, and Ba²⁺) reveal that the metal cations coordinate with the 

amine group and carbonyl oxygens of glutathione, exhibiting significant structural variation 

based on metal size and coordination environment. The increasing size of metal cations from 

Mg to Ba leads to longer distances between the metal and ligand atoms, influencing the stability 

and fragmentation patterns of the complexes. 

The computational and experimental data align well, particularly in the fingerprint 

region of the IRMPD spectra, validating the predicted lowest energy structures and providing 

insights into the coordination chemistry of these metal-glutathione complexes. The agreement 

between the experimental spectra and computed infrared spectra, with some deviations, 

emphasizes the importance of considering both theoretical and experimental approaches for a 

comprehensive understanding of these complex systems. 

Overall, this chapter highlights the intricate relationship between metal cation 

properties, ligand interactions, and fragmentation pathways. The observed trends in 

fragmentation and structural configurations provide valuable insights into the stability and 

reactivity of metal glutathione complexes, with implications for their roles in biochemical 

processes and potential applications in analytical chemistry. The findings from this chapter set 

the stage for further investigations into the interactions of metal ions with biological ligands 

and contribute to a deeper understanding of metal-ligand chemistry. 

In Chapter 4, we investigated the dissociation kinetics of protonated glutathione 

complexes with various amino acids through BIRD (beam-type ion mobility) experiments. The 
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analysis focused on the temperature-dependent dissociation behaviors of [Arg(GSH+H)]+, 

[Lys(GSH+H)]+, [His(GSH+H)]+, [Asn(GSH+H)]+, [Gln(GSH+H)]+, [Asp(GSH+H)]+, and 

[Glu(GSH+H)]+. The findings highlight the influence of amino acid side chain properties on 

the dissociation kinetics and mechanisms of these complexes. 

Arginine, with the highest proton affinity and gas basicity, shows a pronounced 

tendency for dissociation, reflecting its ability to stabilize the positive charge through 

resonance. This results in a significant amount of protonated Arginine being the primary 

product in dissociation. In contrast, other amino acids exhibit protonated GSH dissociation, 

with variations in proton affinity influencing their respective dissociation kinetics. 

The temperature dependence of dissociation was analyzed across a range from 20°C to 

74°C. As illustrated in this chapter, the dissociation rates for [Arg(GSH+H)]+ increase with 

temperature, with a marked acceleration of the process observed at higher temperatures. The 

rate constant for [Arg(GSH+H)]+ increases from 0.1911 s⁻¹ at 74°C, indicating rapid 

dissociation as the temperature rises. This trend is corroborated by the data for [Lys(GSH+H)]+, 

which, despite its slower dissociation rate and longer times to completion, exhibits a clear 

temperature dependence with lower rate constants compared to [Arg(GSH+H)]+. 

Comparative analysis of the dissociation kinetics for different amino acid complexes 

reveals distinctive patterns. For example, [Asp(GSH+H)]+ exhibits the highest dissociation rate 

constant (0.339 s⁻¹ at 74°C), indicating its rapid dissociation relative to other complexes. On 

the other hand, [Lys(GSH+H)]+ has the lowest rate constant at the same temperature, reflecting 

a more robust dissociation barrier. The observed variations in dissociation rates among the 
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amino acid complexes can be attributed to differences in their side chain structures and proton 

affinities, which impact the strength of the bonds within the complexes. 

The Arrhenius plots provided insights into the activation energies for dissociation. The 

linear fits reveal that complexes with higher activation energies dissociate more slowly, 

consistent with the observed BIRD constants. The activation energies for the different 

complexes range from 0.94 to 0.99, reflecting the varying dissociation barriers associated with 

each amino acid's side chain characteristics. 

Overall, the results from this chapter underscore the significant role of amino acid side 

chain properties in influencing the dissociation kinetics of protonated glutathione complexes. 

The temperature-dependent studies and Arrhenius analyses provide a comprehensive 

understanding of the factors driving dissociation rates, contributing to a broader knowledge of 

amino acid-glutathione interactions. These findings offer valuable insights into the chemical 

behavior of these complexes and enhance our understanding of their stability and reactivity 

under varying conditions. 
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6 Appendix A – Supplemental Information for Chapter 2 

 

 

Figure S2. 1. SORI-CID (A) and IRMPD (B) mass spectra for [Li(GSH)]+. 
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Figure S2. 2. SORI-CID (A) and IRMPD (B) mass spectra for [Na(GSH)]+. 
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Figure S2. 3. SORI-CID (A) and IRMPD (B) mass spectra for [K(GSH)]+. 
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Figure S2. 4. SORI-CID (A) and IRMPD (B) mass spectra for [Rb(GSH)]+. 
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Figure S2. 5. Computed structures of [M(GSH)]+ in the higher region. 

 

 

Figure S2. 6. Computed structures of [Li(GSH)]+. 
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  Figure S2.6: Computed structures of [Li(GSH)]
+
. 
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Figure S2.6: Computed structures of [Li(GSH)]
+
. 
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  Figure S2.6: Computed structures of [Li(GSH)]
+
. 
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Figure S2.6: Computed structures of [Li(GSH)]
+
. 

Figure S2. 7. Computed structures of [Na(GSH)]+. 
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  Figure S2.7: Computed structures of [Na(GSH)]
+
. 
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  Figure S2.7: Computed structures of [Na(GSH)]
+
. 
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  Figure S2.7: Computed structures of [Na(GSH)]
+
. 
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  Figure S2.7: Computed structures of [Na(GSH)]
+
. 
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Figure S2. 8: Computed structures of [K(GSH)]+. 
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  Figure S2.8: Computed structures of [K(GSH)]+. 
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Figure S2.8: Computed structures of [K(GSH)]+. 
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  Figure S2.8: Computed structures of [K(GSH)]+. 
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  Figure S2.8: Computed structures of [K(GSH)]+. 
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  Figure S2.8: Computed structures of [K(GSH)]+. 
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Figure S2.8: Computed structures of [K(GSH)]+. 
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 Figure S2.8: Computed structures of [K(GSH)]+. 
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Figure S2. 9: Computed structures of [Rb(GSH)]+. 
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Figure S2.9: Computed structures of [Rb(GSH)]
+. 
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Figure S2.9: Computed structures of [Rb(GSH)]
+. 
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Figure S2. 10: Computed structures of [Cs(GSH)]+. 

  

Figure S2.9: Computed structures of [Rb(GSH)]
+. 
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Figure S2.10: Computed structures of [Cs(GSH)]

+. 
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  Figure S2.10: Computed structures of [Cs(GSH)]
+. 
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  Figure S2.10: Computed structures of [Cs(GSH)]
+. 
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Table S2. 1: Relative standard 298 K enthalpies and Gibbs energies, in kJ mol‐1, of [Li(GSH)]+. Relative Gibbs 

energies are indicated in parentheses. 

Structures of [Li(GSH)]+ 
B3LYP/6-31+G(d,p) 

(For all atoms) 

Single point: 

B3LYP/6-311+G(3df,3pd) 

(For all atoms) 

CBS-QB3 

GSH-Li-IV-A1,3,4-iSH 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 

GSH-Li-IV-A1,3,4-ib 7.3 (4.4) 6.5 (3.6) 6.2 (3.6) 

GSH-Li-IV-A1,3,4-ic 8.4 (4.6) 7.2 (3.5) 6.6 (3.7) 

GSH-Li-IV-A1,3,4-id 9.2 (7.4) 7.8 (5.9) 6.1 (4.8) 

GSH-Li-IV-A1,3,4-iiSH 21.5 (16.9) 21.4 (17.6) 18.6 (14.6) 

GSH-Li-III-B1,3,4-iSH 21.4 (20.5) 18.0 (17.1) 23.2 (21.3) 

GSH-Li-IV-A1,3,4-iib 28.3 (21.5) 27.6 (20.8) 25.1 (17.4) 

GSH-Li-IV-A1,3,4-iic 27.7 (22.2) 27.2 (21.7) 33.3 (24.9) 

GSH-Li-III-B1,3,4-ib 25.6 (23.2) 22.0 (19.5) 26.1 (21.4) 

GSH-Li-IV-A1,3,4-iid 30.2 (23.9) 28.7 (22.5) 24.7 (19.2) 

GSH-Li-III-B1,3,4-iiSH 23.2 (24.3) 22.8 (23.9) 24.3 (23.4) 

GSH-Li-III-B1,3,4-iib 23.5 (24.7) 22.8 (24.0) 23.8 (29.5) 

GSH-Li-IV-B1,2,3,4-ia 32.7 (26.0) 29.7 (23.0)  

GSH-Li-IV-B1,2,3,4-iSH 32.6 (26.4) 29.5 (23.2)  

GSH-Li-III-B1,3,4-iiiSH 30.3 (26.9) 26.9 (23.5)  

GSH-Li-IV-B1,2,3,4-iia 32.6 (27.7) 30.6 (25.7)  

GSH-Li-IV-B1,2,3,4-iib 34.4 (28.0) 30.9 (24.5)  

GSH-Li-IV-A1,2,4-iii 32.9 (29.5) 33.7 (30.2)  

GSH-Li-III-B1,3,4-iiib 34.4 (29.8) 31.2 (26.6)  

GSH-Li-IV-B1,2,3,4-iiia 37.0 (31.1) 33.8 (27.9)  

GSH-Li-III-B1,3,4-iiic 37.6 (31.2) 33.9 (27.5)  

GSH-Li-III-B1,3,4-iiid 36.5 (31.6) 32.7 (27.8)  
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Structures of [Li(GSH)]+ 
B3LYP/6-31+G(d,p) 

(For all atoms) 

Single point: 

B3LYP/6-311+G(3df,3pd) 

(For all atoms) 

GSH-Li-IV-B1,2,3,4-iv 35.2 (32.4) 31.8 (29.0) 

GSH-Li-IV-B1,2,3,4- iiib 40.3 (33.3) 37.8 (30.8) 

GSH-Li-IV-B1,2,3,4-vSH 39.7 (33.8) 37.6 (29.3) 

GSH-Li-IV-B1,2,3,4- iiic 42.0 (34.4) 39.1 (31.6) 

GSH-Li-IV-A1,2,3-iv 45.2 (36.5) 46.0 (37.3) 

GSH-Li-IV-B1,2,3,4-via 47.1 (37.4) 42.2 (32.5) 

GSH-Li-IV-B1,2,3,4-viSH 46.8 (37.6) 41.9 (32.7) 

GSH-Li-IV-B1,2,3,4-vic 46.4 (38.2) 43.0 (34.8) 

GSH-Li-IV-B1,2,3,4-vid  49.8 (39.5) 45.7 (35.4) 

GSH-Li-IV-B1,2,3,4-viia 45.1 (39.9) 40.8 (35.5) 

GSH-Li-IV-A1,3,4a-v 45.4 (40.6) 45.9 (41.1) 

GSH-Li-IV-B1,2,3,4-vie 52.0 (40.7) 47.4 (36.0) 

GSH-Li-IV-B1,2,3,4-vif 51.9 (41.8) 46.9 (36.8) 

GSH-Li-IV-B1,2,3,4-viib 47.8 (42.2) 44.1 (38.5) 

GSH-Li-IV-B1,2,3,4-viic 50.0 (43.0) 45.9 (38.9) 

GSH-Li-III-B1,3,4-ivSH 49.6 (45.7) 43.0 (39.1) 

GSH-Li-IV-B1,2,3,4-viii 54.9 (46.3) 51.0 (42.4) 

GSH-Li-III-B1,3,4-vSH 58.4 (50.6) 51.0 (43.1) 

GSH-Li-IV-C1,3,4-i 48.0 (51.3) 48.6 (51.8) 

GSH-Li-IV-C1,3,4-iiSH 50.5 (51.5) 49.9 (50.9) 

GSH-Li-III-B1,3,4-vi 57.9 (54.1) 50.5 (46.7) 

zGSH-Li-IV-C1,4,4-iii 48.0 (54.8) 52.5 (59.3) 

GSH-Li-IV-B1,2,3,4-ix 56.8 (55.6) 55.8 (54.6) 

GSH-Li-IV-B1,2,3,4-x 59.3 (56.0) 57.4 (54.1) 
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Structures of [Li(GSH)]+ 
B3LYP/6-31+G(d,p) 

(For all atoms) 

Single point: 

B3LYP/6-311+G(3df,3pd) 

(For all atoms) 

GSH-Li-III-B1,2,4-viiSH 50.4 (57.0) 49.7 (56.3) 

GSH-Li-III-B1,2,4-viii 62.5 (57.7) 58.2 (53.4) 

GSH-Li-III-B1,2,4-ix 53.8 (57.8) 53.6 (57.6) 

GSH-Li-IV-B1a,2,3,4-xi 65.9 (58.8) 65.6 (58.5) 

zGSH-Li-III-B1,2,4-x 68.6 (59.0) 67.3 (57.8) 

GSH-Li-III-B1,2,4-xi 63.7 (59.8) 63.3 (59.4) 

GSH-Li-III-B2,3,4-xiia 63.8 (64.1) 65.8 (66.1) 

GSH-Li-III-C1,3-iSH 62.1 (64.2) 60.5 (62.6) 

GSH-Li-III-A1,4-iSH 68.1 (64.5) 68.1 (64.5) 

GSH-Li-III-B1a,3,4-xiiSH 67.4 (66.9) 70.3 (69.8) 

GSH-Li-III-A1,3-ii 67.7 (69.7) 65.5 (67.4) 

GSH-Li-III-A1,2-iiiSH 74.7 (71.5) 76.0 (72.8) 

GSH-Li-III-B1,2,4-xiii 78.8 (72.5) 73.9 (67.6) 

GSH-Li-II-B1,4-i 73.3 (74.4) 68.9 (70.1) 

GSH-Li-III-C1,4-ii 77.0 (75.6) 77.4 (76.0) 

GSH-Li-II-B1,4-ii 69.3 (76.9) 68.6 (76.2) 

GSH-Li-III-B1,3,4a-xivSH 84.7 (77.2) 81.5 (74.1) 

zGSH-Li-II-B3,4-iii 90.3 (94.8) 91.2 (95.7) 

zGSH-Li-III-C1,4-iii 93.2 (96.9) 97.0 (100.6) 

zGSH-Li-III-B1,1,4-xvSH 100.5 (102.1) 103.4 (105.1) 

GSH-Li-II-B1,3-iv 107.1 (105.3) 109.6 (107.8) 

GSH-Li-III-C1,4-ivSH 114.3 (112.3) 113.1 (111.1) 

GSH-Li-II-A4-iSH 126.4 (123.3) 124.9 (121.8) 

GSH-Li-II-C3-i 156.1 (144.0) 148.6 (136.5) 
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Structures of [Li(GSH)]+ 
B3LYP/6-31+G(d,p) 

(For all atoms) 

Single point: 

B3LYP/6-311+G(3df,3pd) 

(For all atoms) 

GSH-Li-II-C2-ii 156.7 (147.5) 157.2 (148.6) 

zGSH-Li-III-B1,2,4-xxSH 159.1 (165.7) 163.4 (169.9) 

GSH-Li-II-C3-iii 189.7 (175.0) 180.3 (165.7) 

GSH-Li-I-A-iSH 239.5 (232.9) 238.5 (231.9) 
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Table S2. 2: 298K relative enthalpies and Gibbs energies, in kJ mol‐1, of [Na(GSH)]+. Relative Gibbs energies 

are indicated in parentheses. 

Structures of [Na(GSH)]+ 
B3LYP/6-31+G(d,p) 

(For all atoms) 

Single point: 

B3LYP/6-311+G(3df,3pd) 

(For all atoms) 

GSH-Na-IV-A1,3,4-iSH 0.0 (0.0) 0.0 (0.0) 

GSH-Na-IV-A1,3,4-ib 7.4 (4.4) 7.1 (4.1) 

GSH-Na-IV-A1,3,4-ic 7.2 (4.8) 6.9 (4.5) 

GSH-Na-IV-A1,3,4-id 8.5 (6.5) 7.3 (5.4) 

GSH-Na-IV-A1,3,4-iiSH 16.8 (15.6) 16.2 (14.9) 

GSH-Na-III-B1,3,4-i 12.9 (16.1) 13.5 (16.8) 

GSH-Na-V-A1,2,3,4-ia 16.9 (17.0) 17.1 (17.1) 

GSH-Na-V-A1,2,3,4-ib 16.9 (17.7) 14.3 (18.2) 

GSH-Na-III-B1,3,4-ii 16.9 (17.8) 15.9 (16.7) 

GSH-Na–IV-A1,3,4-iii 22.0 (19.8) 15.0 (15.8) 

GSH-Na-V-A1,2,3,4-ic 22.1 (21.1) 21.3 (19.6) 

GSH-Na-IV-B1,2,3,4-i 27.2 (21.9) 21.6 (20.7) 

GSH-Na–III-B1,2,4-iii 15.1 (22.6) 23.9 (18.6) 

GSH-Na–III-B1,3,4-iva 25.0 (23.0) 23.7 (21.6) 

GSH-Na–III-B1,3,4-ivSH 24.9 (23.2) 22.5 (20.9) 

GSH-Na–III-B1,3,4-v 19.1 (23.9) 20.2 (25.0) 

GSH-Na-IV-B1,2,3,4-ii 24.8 (24.2) 23.9 (23.3) 

GSH-Na–III-B1,3,4-vi 25.3 (24.2) 23.0 (22.0) 

GSH-Na-IV-B1,2,3,4-iii 27.4 (25.6) 18.5 (26.0) 

GSH-Na-IV-B1,2,3,4-ivSH 30.9 (26.2) 24.6 (22.7) 
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S  uc u  s  f [Na(GSH)]
 
 

-B3LYP/6-31+G(d,p) 

(F   all a   s) 

Single point: 

-B3LYP/6-311+G(3df,3pd) 

(F   all a   s) 

GSH-Na-III-B1,2,4-vii 16.1 (26.6) 27.5 (22.8) 

GSH-Na–III-B1,3,4-ivb 28.6 (26.7) 26.6 (24.7) 

GSH-Na–III-B1,3,4-ivc 29.8 (27.6) 27.2 (25.1) 

GSH-Na-IV-B1,2,3,4-iva 32.9 (28.2) 29.1 (24.4) 

GSH-Na-IV-B1,2,3,4-vSH 32.9 (28.4) 29.6 (25.1) 

GSH-Na-IV-B1,2,3,4-via 31.2 (30.5) 29.1 (28.5) 

GSH-Na-IV-B1,2,3,4-vii 35.2 (31.2) 32.6 (28.5) 

GSH-Na-IV-B1,2,3,4-viSH 27.9 (31.5) 27.4 (31.0) 

GSH-Na-IV-A1,2,3-iv 41.4 (33.3) 18.3 (28.8) 

GSH-Na-IV-C1, 3,4-iSH 30.4 (35.3) 41.4 (33.3) 

GSH-Na-IV-A1,2,3-vSH 40.9 (37.1) 31.7 (36.6) 

GSH-Na-III-B1,2,4-viii 28.9 (38.3) 41.8 (38.0) 

GSH-Na-V-A1,2,3,4a-ii 39.0 (38.6) 30.1 (39.5) 

GSH-Na-III-B1,2,4-ix 46.9 (41.6) 46.0 (45.6) 

GSH-Na-IV-B1,2,3,4-viii 50.4 (43.1) 44.6 (39.2) 

zGSH-Na-IV-C1,4,4-iiSH 35.5 (44.3) 43.3 (36.0) 

GSH-Na-III-B1,3,4-xSH 52.7 (46.5) 43.0 (40.2) 

GSH-Na-IV-B1a,2,3,4-ix 48.9 (47.8) 45.7 (39.5) 

GSH-Na-IV-C1,2,3-iiiSH 44.2 (48.9) 51.5 (50.5) 

GSH-Na-IV-A1,2,3-vi 53.7 (49.3) 44.2 (48.9) 

GSH-Na-IV-C1,2,3-iii 47.7 (51.6) 49.3 (53.5) 

GSH-Na-III-B1,1a,4-xiSH 43.7 (52.6) 47.9 (51.7) 
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S  uc u  s  f [Na(GSH)]
 
 

-B3LYP/6-31+G(d,p) 

(F   all a   s) 

Single point: 

-B3LYP/6-311+G(3df,3pd) 

(F   all a   s) 

GSH-Na-IV-B1a,2,3,4-x 55.3 (54.1) 45.4 (54.2) 

GSH-Na-III-B1a,3,4-xiSH 58.0 (59.7) 64.1 (60.5) 

GSH-Na–IV-A1,2,3-viiSH 64.9 (65.4) 60.5 (62.2) 

GSH-Na-III-B1a,2,4-xii 61.0 (68.6) 61.7 (62.2) 

GSH-Na-III-C2,4-iSH 73.2 (81.1) 70.8 (80.4) 

GSH-Na-III-B1,2,3-xiii 77.6 (85.0) 90.4 (88.6) 

GSH-Na-IV-B1,2,4,4-xi 85.8 (85.8) 76.3 (83.7) 

GSH-Na-II-B1,3-i 79.4 (90.7) 86.0 (85.9) 

GSH-Na-III-B1,2,4-xiv 92.9 (94.1) 82.3 (93.6) 

GSH-Na-II-B1,3-ii 84.8 (94.9) 93.5 (94.7) 

GSH-Na-II-B1a,3-iii 96.6 (97.4) 87.2 (97.2) 

GSH-Na-II-A4-iSH 109.2 (108.2) 99.8 (100.6) 

GSH-Na-II-C3-i 131.9 (123.3) 109.6 (108.5) 

GSH-Na-II-C2-iia 130.3 (123.5) 127.7 (119.1) 

GSH-Na-II-C2-iib 132.9 (126.2) 131.7 (124.9) 

zGSH-Na-II-C1-iii 122.2 (127.8) 134.3 (127.6) 

GSH-Na-II-C2-iv 131.7 (130.7) 130.1 (135.7) 

GSH-Na-I-A-iSH 189.9 (187.5) 138.8 (137.9) 

zGSH-Na-I-C-iSH 214.1 (209.1) 190.7 (188.2) 
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Table S2. 3: 298K relative enthalpies and Gibbs energies, in kJ mol‐1, of K(GSH)]+. Relative Gibbs energies 

are indicated in parentheses. 

Structures of [K(GSH)]+ 
B3LYP/6-31+G(d,p) 

(For all atoms) 

Single point: 

B3LYP/6-311+G(3df,3pd) 

(For all atoms) 

GSH-K-IV-A1,3,4-iSH 0.0 (0.0) 0.0 (0.0) 

GSH-K-IV-A1,3,4-ib 6.0 (3.3) 6.2 (3.5) 

GSH-K-IV-A1,3,4-ic 6.7 (4.4) 6.8 (4.5) 

GSH-K-III-B1,3,4-iSH 6.4 (5.0) 6.0 (4.6) 

GSH-K-IV-A1,3,4-id 7.9 (5.7) 7.0 (4.8) 

GSH-K-III-B1,3,4-ii 2.6 (5.8) 6.1 (9.3) 

GSH-K-III-B1,3,4-iii 2.9 (6.3) 6.2 (9.6) 

GSH-K-III-B1,3,4-iv 2.7 (8.1) 6.3 (11.7) 

GSH-K-III-B1,3,4-vSH 8.2 (8.3) 7.1 (7.3) 

GSH-K-III-B1,3,4-viSH 3.0 (8.4) 5.7 (11.1) 

GSH-K-III-B1,3,4-vib 6.3 (8.6) 6.8 (9.1) 

GSH-K-III-B1,3,4-vic 0.0 (8.6) 5.2 (13.9) 

GSH-K-II-B2,4-i -2.6 (8.7) 1.5 (12.8) 

GSH-K-III-B1,3,4-viia 3.6 (8.9) 6.3 (11.7) 

GSH-K-III-B1,3,4-viii 6.2 (10.1) 7.1 (11.0) 

GSH-K-III-B1,3,4-viib 6.0 (10.8) 8.9 (13.8) 

GSH-K-III-B1,3,4-ixSH 9.7 (11.2) 9.1 (10.5) 

GSH-K-III-B1,3,4-xSH 13.4 (11.3) 14.0 (11.9) 

GSH-K-III-B1,3,4-xb 20.2 (11.4) 20.2 (11.4) 

GSH-K-III-B1,3,4-xia 8.7 (11.6) 8.8 (11.8) 
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Structures of [K(GSH)]+ 
B3LYP/6-31+G(d,p) 

(For all atoms) 

Single point: 

B3LYP/6-311+G(3df,3pd) 

(For all atoms) 

GSH-K-III-B1,3,4-xii 11.7 (12.0) 11.0 (11.3) 

GSH-K-III-B1,3,4-xiii 6.4 (12.1) 6.7 (12.3) 

GSH-K-III-B1,3,4-xib 12.9 (12.1) 12.3 (11.5) 

GSH-K-V-A1,2,3,4-i 12.5 (12.5) 14.2 (14.2) 

GSH-K-III-B1,3,4-xiva 7.5 (12.7) 10.0 (15.3) 

GSH-K-III-B1,3,4-xivSH 6.4 (12.9) 10.2 (16.7) 

GSH-K-III-B1,3,4-xva 13.8 (13.9) 12.4 (12.5) 

GSH-K-III-B1,3,4-xvb 13.4 (14.6) 12.3 (13.5) 

GSH-K-III-B1,3,4-xvia 9.9 (14.7) 10.7 (15.5) 

GSH-K-IV-B1,2,3,4-i 13.4 (15.1) 15.8 (17.5) 

GSH-K-III-B1,3,4-xviia 14.4 (15.6) 13.4 (14.6) 

GSH-K-IV-B1,2,3,4-ii 18.5 (15.7) 19.4 (16.6) 

GSH-K-IV-B1,2,3,4-iii 18.8 (16.2) 18.7 (16.2) 

GSH-K-III-B1,3,4-xvc 17.5 (16.2) 16.4 (15.1) 

GSH-K-IV-B1,2,3,4-iv 16.5 (16.7) 18.5 (18.7) 

C17GSH-K-III-B1,3,4-xviiia 12.0 (16.8) 12.0 (16.8) 

GSH-K-III-B1,3,4-xviib 15.5 (17.4) 14.6 (16.5) 

GSH-K-IV-B1,2,3,4-v 18.5 (17.7) 19.8 (19.0) 

GSH-K-IV-B1,2,3,4-vi 21.5 (17.9) 21.0 (17.4) 

GSH-K-IV-B1,2,3,4-vii 21.9 (18.0) 22.1 (18.3) 

GSH-K-III-B1,3,4-xviic 18.5 (18.2) 17.7 (17.4) 
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Structures of [K(GSH)]+ 
B3LYP/6-31+G(d,p) 

(For all atoms) 

Single point: 

B3LYP/6-311+G(3df,3pd) 

(For all atoms) 

GSH-K-III-B1,3,4-xvib 14.5 (18.3) 15.1 (18.9) 

GSH-K-IV-B1,2,3,4-viii 22.5 (18.4) 22.8 (18.7) 

GSH-K-III-B1,3,4-xixSH 14.4 (19.1) 16.8 (21.5) 

GSH-K-III-B1,3,4-xvic 15.8 (20.2) 16.2 (20.6) 

GSH-K-III-B1,3,4-xx 21.9 (20.3) 23.5 (21.9) 

GSH-K-IV-B1,2,3,4-ix 23.7 (20.6) 24.4 (21.2) 

GSH-K-IV-B1,2,3,4-x 21.8 (20.9) 22.7 (21.8) 

GSH-K-III-B1,3,4-xviiib 19.5 (21.9) 19.3 (21.7) 

GSH-K-III-B1,3,4-xviiic 21.1 (22.8) 19.7 (21.4) 

GSH-K-III-B1,3,4-xviiid 21.0 (22.8) 19.7 (21.4) 

GSH-K-III-B1,2,4-xxi 12.9 (23.2) 17.0 (27.3) 

GSH-K-IV-B1,2,3,4-xi 23.6 (23.4) 23.6 (23.4) 

GSH-K-III-B1,3,4-xxiia 18.4 (23.5) 18.2 (23.3) 

GSH-K-III-B1,3,4-xviiiSH 19.6 (23.6) 20.7 (24.7) 

GSH-K-III-B1,3,4-xxiiia 22.7 (23.6) 20.9 (21.8) 

GSH-K-IV-B1,2,3,4-xii 22.2 (25.2) 24.8 (27.8) 

GSH-K-IV-B1,2,3,4-xiii 31.3 (25.6) 30.5 (24.8) 

GSH-K-III-B1,3,4-xxiiib 26.5 (25.9) 25.0 (24.5) 

GSH-K-IV-B1,2,3,4-xiv 34.2 (26.6) 32.3 (24.8) 

GSH-K-III-B1,3,4-xxiib 23.0 (27.5) 22.6 (27.2) 

GSH-K-IV-B1,2,3,4-xv 26.0 (27.9) 28.5 (30.4) 



144 

 

Structures of [K(GSH)]+ 
B3LYP/6-31+G(d,p) 

(For all atoms) 

Single point: 

B3LYP/6-311+G(3df,3pd) 

(For all atoms) 

GSH-K-IV-B1,2,3,4-xvia 36.2 (28.1) 34.5 (26.4) 

zGSH-K-III-B1a,2,4-xxiv 13.5 (28.2) 19.9 (34.7) 

GSH-K-IV-B1,2,3,4-xviSH 36.2 (28.2) 34.5 (26.5) 

GSH-K-III-B1,2,4-xxv 31.5 (29.2) 32.0 (29.6) 

GSH-K-III-B1,1a,4-xxviSH 18.4 (29.4) 23.0 (34.0) 

GSH-K-IV-B1,2,3,4-xivb 34.1 (29.5) 33.6 (29.0) 

GSH-K-III-B1,2,3-xxviiSH 24.5 (30.7) 27.2 (33.4) 

GSH-K-II- B1,3-ii 34.5 (31.2) 36.1 (32.8) 

GSH-K-III-B1,2,3-xxviii 26.3 (32.0) 29.2 (35.0) 

GSH-K-IV-B1,2,3,4-xivc 40.3 (32.0) 38.7 (30.4) 

GSH-K-IV-B1,2,3,4-xviia 24.0 (32.3) 27.5 (35.9) 

GSH-K-III-B1,3,4-xxviib 34.3 (33.5) 35.9 (35.2) 

GSH-K-III-B1,3,4-xxixSH 40.3 (33.9) 36.7 (30.4) 

GSH-K-IV-B1,2,3,4-xviiiSH 29.5 (34.0) 32.0 (36.4) 

GSH-K-IV-B1,2,3,4-xix 39.3 (34.2) 38.5 (33.4) 

GSH-K-IV-B1,2,3,4-xviib 27.1 (34.8) 30.3 (38.0) 

GSH-K-V-A1,2,3,4a-ii 37.8 (36.3) 39.4 (37.9) 

GSH-K-IV-B1,2,3,4-xx 33.1 (36.4) 35.6 (38.9) 

GSH-K-IV-B1,2,3,4-xxi 34.9 (37.0) 40.1 (42.2) 

GSH-K-III-B1,2,4-xxx 35.2 (37.1) 35.0 (36.8) 

GSH-K-IV-B1,2,3,4-xxiiib 37.0 (38.5) 37.1 (38.6) 
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Structures of [K(GSH)]+ 
B3LYP/6-31+G(d,p) 

(For all atoms) 

Single point: 

B3LYP/6-311+G(3df,3pd) 

(For all atoms) 

GSH-K-III-B1,2,4-xxxi 36.3 (38.6) 35.7 (38.0) 

GSH-K-IV-B1,2,3,4-xviic 32.6 (38.8) 34.9 (41.1) 

GSH-K-III-B1a,3,4-xxxiii 41.9 (39.8) 44.3 (42.3) 

zGSH-K-III-B1,4,4-xxxiiSH 31.0 (39.8) 38.3 (47.1) 

GSH-K-IV-B1,2,3,4-xxiv 39.4 (39.9) 39.0 (39.5) 

GSH-K-III-B1,2,4-xxxiva 34.1 (40.1) 34.9 (40.9) 

GSH-K-IV-B1,2,3,4-xxv 39.4 (40.2) 39.0 (39.7) 

GSH-K-III-B1,2,4-xxxivSH 41.5 (43.1) 41.9 (43.5) 

GSH-K-IV-B1,2,3,4-xxvi 42.3 (43.3) 43.9 (45.0) 

GSH-K-III-B1,2,4-xxxv 41.5 (43.9) 45.3 (47.7) 

GSH-K-III-B1,2,4-xxxivb 40.3 (44.0) 41.2 (44.9) 

GSH-K-III-A1,3-i 48.1 (44.5) 50.0 (46.4) 

GSH-K-III-B1,2,4-xxxvi 40.0 (44.8) 40.4 (45.2) 

GSH-K-IV-A1,2,3-ii 55.4 (45.1) 56.5 (46.3) 

zGSH-K-IV-B1,2,4,4a-xxvii 43.5 (46.6) 48.9 (52.1) 

GSH-K-III-B1,1a,4-xxxvii 43.9 (48.7) 48.5 (53.3) 

GSH-K-IV-B1,2,3,4-xxviii 46.0 (50.5) 47.9 (52.4) 

GSH-K-III-B1,2,4-xxxviii 52.2 (55.4) 51.8 (55.0) 

GSH-K-II-B4,4-iii 52.8 (62.6) 57.1 (67.0) 

GSH-K-II- B2,4-iv 72.0 (62.8) 73.0 (63.8) 

GSH-K-II-B1,4-iv 70.0 (74.7) 73.1 (77.7) 
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S  uc u  s  f [K(GSH)]
 
 

B3LYP/6-31+G(d,p) 

(F   all a   s) 

Single point: 

B3LYP/6-311+G(3df,3pd) 

(F   all a   s) 

GSH-K-II-B1a,3-v 76.6 (80.0) 81.5 (84.9) 

GSH-K-II-A4-iSH 81.6 (81.8) 83.4 (83.7) 

GSH-K-III-B1,2,3-xxxix 91.2 (89.1) 90.6 (88.6) 

GSH-K-I-B2-i 101.2 (97.2) 105.0 (101.1) 

zGSH-K-III-B1,1a,4-xxxx 142.7 (150.0) 147.8 (155.1) 
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Table S2. 4: 298K relative enthalpies and Gibbs energies, in kJ mol‐1, of [Rb(GSH)]+. Relative Gibbs energies 

are indicated in parentheses. 

Structures of [Rb(GSH)]+ 

-B3LYP/6-31+G(d,p)/ 

(For C, H,N,O,S atoms) 

-B3LYP/Def2SVP (Rb) 

Single point: 

-B3LYP/6-311+G(3df,3pd) 

(For C, H,N,O,S atoms) 

-B3LYP/Def2TZVP (Rb) 

GSH-Rb-IV-A1,3,4-iSH 0.0 (0.0) 0.0 (0.0) 

GSH-Rb-IV-A1,3,4-ib 5.5 (3.3) 5.8 (3.5) 

GSH-Rb-IV-A1,3,4-ic 6.5 (4.2) 6.6 (4.3) 

GSH-Rb-II-B2,4-ia -7.8 (4.2) -4.1 (7.9) 

GSH-Rb-IV-A1,3,4-id 7.8 (5.6) 7.0 (4.8) 

GSH-Rb-III-B1,3,4-i 1.0 (6.2) 3.9 (9.1) 

GSH-Rb-II-B2,4-ib -4.9 (7.5) -0.9 (11.4) 

GSH-Rb-III-B1,3,4-ii 4.0 (8.3) 4.4 (8.6) 

GSH-Rb-IV-B1,3,4-iSH 12.6 (11.2) 11.9 (10.5) 

GSH-Rb-III-B1,3,4-iii 18.9 (12.2) 17.9 (11.2) 

GSH-Rb-IV-B1,2,3,4-iia 11.7 (12.5) 12.1 (12.9) 

GSH-Rb-III-B1,3,4-ivSH 21.2 (14.7) 19.7 (13.1) 

GSH-Rb-IV-B1,2,3,4-iib 17.9 (16.0) 17.5 (15.6) 

GSH-Rb-IV-B1,2,3,4-iic 20.4 (16.6) 19.0 (15.2) 

GSH-Rb-IV-B1,3,4-ib 17.4 (17.3) 17.4 (17.3) 

GSH-Rb-III-B1,2,4-v 7.2 (18.1) 10.5 (21.4) 

GSH-Rb-III-B1,3,4-viSH 18.1 (22.8) 18.9 (22.1) 

GSH-Rb-III-B1,3,4-viiSH 20.1 (23.2) 20.2 (23.2) 

GSH-Rb-III-B1,3,4-viiSH 21.8 (23.2) 23.0 (24.2) 

GSH-Rb-III-B1,1a,4-viiiSH 12.4 (23.6) 16.0 (27.3) 
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Structures of [Rb(GSH)]+ 
-B3LYP/6-31+G(d,p)/ 

(For C, H,N,O,S atoms) 

-B3LYP/Def2SVP (Rb) 

Single point: 

-B3LYP/6-311+G(3df,3pd) 

(For C, H,N,O,S atoms) 

-B3LYP/Def2TZVP (Rb) 

zGSH-Rb-III-B1,2,4-ix 9.4 (25.2) 15.5 (31.4) 

GSH-Rb-III-B1,2,4-x 26.4 (25.9) 25.6 (25.0) 

GSH-Rb-II-B1,3-iiSH 19.0 (26.0) 20.7 (27.7) 

GSH-Rb-II-B1,3-iii 20.3 (27.4) 22.0 (27.0) 

GSH-Rb-II-B1,3-ivSH 32.1 (30.1) 33.0 (30.9) 

GSH-Rb-III-B1,3,4-viiib 29.6 (31.3) 29.5 (29.0) 

GSH-Rb-III-B1,3,4-xi 38.5 (31.5) 34.1 (27.1) 

GSH-Rb-III-B1,3,4-xii 31.2 (34.8) 35.4 (39.0) 

GSH-Rb-III-B1,3,4-xiii 40.7 (35.9) 35.8 (31.1) 

GSH-Rb-III-B1,3,4-xivSH 37.2 (36.0) 37.6 (36.3) 

GSH-Rb-II-B3,4-v 37.6 (36.7) 39.2 (38.3) 

GSH-Rb-II-B2,4-vi 30.2 (37.1) 31.2 (38.1) 

GSH-Rb-III-B1,2,3-xvSH 38.5 (38.9) 38.7 (39.1) 

GSH-Rb-III-B1,2,4-xviSH 34.5 (39.6) 32.1 (37.2) 

zGSH-Rb-II-B1,4-vii 30.5 (40.0) 37.5 (47.0) 

GSH-Rb-II-A1-i 44.3 (40.9) 44.6 (41.2) 

zGSH-Rb-III-B1,4,4-xvii 38.4 (42.5) 42.8 (46.8) 

GSH-Rb-II-B1,3-viii 45.3 (44.1) 45.4 (44.2) 

GSH-Rb-III-B1,2,3-xviii 59.6 (54.0) 57.8 (52.2) 

GSH-Rb-II-B1,2-ix 59.8 (54.9) 64.1 (59.2) 

GSH-Rb-III-A1,2-i 58.8 (55.4) 60.2 (56.8) 
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Structures of [Rb(GSH)]+ 
-B3LYP/6-31+G(d,p)/ 

(For C, H,N,O,S atoms) 

-B3LYP/Def2SVP (Rb) 

Single point: 

-B3LYP/6-311+G(3df,3pd) 

(For C, H,N,O,S atoms) 

-B3LYP/Def2TZVP (Rb) 

GSH-Rb-I-B4-i 73.0 (73.6) 74.5 (75.1) 

GSH-Rb-I-B3-ii 90.9 (85.2) 89.2 (83.5) 

GSH-Rb-I-B2-iii 92.7 (89.7) 95.9 (92.9) 

GSH-Rb-I-B2-iv 93.9 (90.1) 96.9 (93.2) 

GSH-Rb-I-B3-v 100.6 (98.3) 97.9 (95.6) 

GSH-Rb-I-C-i 162.7 (159.0) 170.0 (166.3) 

 

 

 

 

 

 

 

 

 

 

 

 

 



150 

 

Table S2. 5: 298K relative enthalpies and Gibbs energies, in kJ mol‐1, of [Cs(GSH)]+. Relative Gibbs energies 

are indicated in parentheses. 

Structures of [Cs(GSH)]+ 

-B3LYP/6-31+G(d,p)/ 

(For C, H,N,O,S atoms) 

-B3LYP/Def2SVP (Cs) 

Single point: 

-B3LYP/6-311+G(3df,3pd) 

(For C, H,N,O,S atoms) 

-B3LYP/Def2TZVP (Cs) 

GSH-Cs-IV-A1,3,4-iSH 0.0 (0.0) 0.0 (0.0) 

GSH-Cs-II-B2,4-ia -12.7 (0.4) -8.1 (5.0) 

GSH-Cs-IV-A1,3,4-ib 4.6 (2.6) 5.1 (3.2) 

GSH-Cs-II-B2,4-ib -10.3 (3.2) -5.5 (8.0) 

GSH-Cs-III-B1,3,4-i -1.1 (3.8) 3.0 (7.8) 

GSH-Cs-III-B1,2,4-ii -8.2 (4.0) -3.4 (8.9) 

GSH- Cs -IV-A1,3,4-ic 5.9 (4.4) 6.3 (4.7) 

GSH-Cs-III-B1,3,4-iii 1.6 (4.8) 2.9 (6.1) 

GSH-Cs-IV-A1,3,4-id 7.6 (5.9) 6.9 (5.2) 

GSH-Cs-III-B1,2,4-ivSH -2.5 (10.4) 2.7 (15.5) 

GSH-Cs-III-B1,3,4-v 0.9 (12.7) 5.4 (17.2) 

GSH-Cs-III-B1,2,4-via 1.0 (13.3) 5.4 (17.8) 

GSH-Cs-III-B1,3,4-vii 11.3 (13.4) 12.7 (14.8) 

GSH-Cs-III-B1,2,4-vib 17.7 (13.4) 18.2 (13.9) 

GSH-Cs-II-B2,4-ii 7.4 (13.8) 8.3 (14.8) 

GSH-Cs-II-B2,4-iii 7.6 (14.9) 9.0 (16.2) 

GSH-Cs-IV-B1,2,3,4-i 19.1 (15.6) 19.1 (15.7) 

GSH-Cs-II-B2,4-iv 9.2 (16.0) 10.1 (16.8) 

GSH-Cs-IV-B1,2,3,4-ii 17.9 (16.5) 18.4 (17.0) 

GSH-Cs-II-B1,4-v 5.3 (17.7) 10.2 (22.7) 
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Structures of [Cs(GSH)]+ 
-B3LYP/6-31+G(d,p)/ 

(For C, H,N,O,S atoms) 

-B3LYP/Def2SVP (Cs) 

Single point: 

-B3LYP/6-311+G(3df,3pd) 

(For C, H,N,O,S atoms) 

-B3LYP/Def2TZVP (Cs) 

GSH-Cs-II-B2,4-vi 11.5 (17.8) 12.1 (18.4) 

GSH-Cs-III-B1,2,4-viii 16.0 (18.2) 19.1 (21.2) 

GSH-Cs-IV-B1,2,3,4-iii 16.8 (18.2) 17.8 (19.3) 

GSH-Cs-II-B1,3-vii 13.8 (22.4) 16.6 (25.3) 

GSH-Cs-II-B1,4-viiiSH 21.3 (22.7) 21.9 (23.3) 

GSH-Cs-IV-B1,2,3,4-iv 18.0 (23.1) 19.8 (25.3) 

GSH-Cs-III-B1,3,4-ix 21.0 (23.6) 22.7 (25.3) 

GSH-Cs-II-B1,3-ix 14.8 (23.7) 17.8 (28.9) 

GSH-Cs-II-B1,2-x 18.7 (26.9) 22.0 (30.1) 

GSH-Cs-II-B1,3-xi 29.7 (26.9) 30.9 (28.1) 

GSH-Cs-III-B1,2,4-x 21.4 (28.0) 20.2 (26.9) 

GSH-Cs-II-B3,4-xii 25.6 (29.1) 26.7 (32.4) 

GSH-Cs-II-B2,3-xiii 23.4 (30.2) 25.6 (32.4) 

GSH-Cs-II-B3,4-xiv 27.4 (31.0) 32.6 (36.2) 

GSH-Cs-III-B1,3,4-xi 38.3 (33.5) 35.2 (30.4) 

GSH-Cs-II-B3,4-xv 33.7 (35.2) 36.3 (37.9) 

GSH-Cs-II-B1,4-xvi 31.2 (36.2) 35.5 (40.5) 

GSH-Cs-II-B1,3-xvii 37.1 (36.8) 37.7 (37.5) 

zGSH-Cs-II-B1,4-xviii 34.2 (39.8) 39.3 (44.9) 

GSH-Cs-III-B1a,3,4-xii 36.4 (44.4) 40.9 (48.9) 

GSH-Cs-I-B1-i 51.6 (47.7) 48.0 (44.1) 
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Structures of [Cs(GSH)]+ 
-B3LYP/6-31+G(d,p)/ 

(For C, H,N,O,S atoms) 

-B3LYP/Def2SVP (Cs) 

Single point: 

-B3LYP/6-311+G(3df,3pd) 

(For C, H,N,O,S atoms) 

-B3LYP/Def2TZVP (Cs) 

GSH-Cs-II-B2,4-xix 40.2 (52.7) 45.6 (58.1) 

GSH-Cs-I-B1-ii 50.1 (58.5) 52.6 (61.0) 

GSH-Cs-I-B4-iii 62.5 (64.6) 64.7 (66.8) 

GSH-Cs-II-B1,2-xx 72.0 (72.6) 73.5 (74.1) 

GSH-Cs-I-B2-iv 84.1 (80.4) 89.3 (85.7) 

GSH-Cs-I-B2-v 82.6 (81.4) 87.2 (86.0) 

GSH-Cs-I-A-i 114.9 (116.3) 117.4 (118.8) 

zGSH-Cs-II-C2-i 117.9 (127.0) 125.4 (134.6) 
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7 Appendix B – Supplemental Information for Chapter 3 

 

Figure S3. 1: SORI-CID mass spectra for Mg(GSH-H)+. 

 

 

Figure S3. 2: SORI-CID mass spectra for Ca(GSH-H)+. 
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Figure S3. 3: SORI-CID mass spectra for Sr(GSH-H)+. 

 

   

  

Figure S3. 4: SORI-CID mass spectra for Ba(GSH-H)+. 
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Figure S3. 5: SORI-CID mass spectra for Mn(GSH-H)+. 

  

  

Figure S3. 6: SORI-CID mass spectra for Fe(GSH-H)+. 
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Figure S3. 7: SORI-CID mass spectra for Co(GSH-H)+. 

    

Figure S3. 8: SORI-CID mass spectra for Zn(GSH-H)+. 



157 

 

 

 

Figure S3. 9: SORI-CID mass spectra for Pb(GSH-H)+. 
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Figure S3. 10: Computed structures of Mg(GSH-H)+. 
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Figure S3. 10: Computed structures of Mg(GSH-H)+.  
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Figure S3. 10: Computed structures of Mg(GSH-H)+. 

 

Figure S3. 11: Computed structures of Ca(GSH-H)+. 
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  Figure S3.11: Computed structures of Ca(GSH-H)
+. 
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  Figure S3.11: Computed structures of Ca(GSH-H)
+. 
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Figure S3.11: Computed structures of Ca(GSH-H)
+. 
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Figure S3. 12: Computed structures of Sr(GSH-H)+. 
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  Figure S3.12: Computed structures of Sr(GSH-H)
+. 
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  Figure S3.12: Computed structures of Sr(GSH-H)
+. 
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Figure S3. 13: Computed structures of Ba(GSH-H)+. 

  

Figure S3.12: Computed structures of Sr(GSH-H)
+. 
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Figure S3.13. Computed structures of Ba(GSH-H)

+. 
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  Figure S3.13. Computed structures of Ba(GSH-H)
+. 
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Figure S3.13. Computed structures of Ba(GSH-H)

+. 
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Figure S3.13. Computed structures of Ba(GSH-H)
+. 
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Table S3. 1: 298K relative enthalpies and Gibbs energies, in kJ mol‐1, of Mg(GSH-H)+. Relative Gibbs energies 

are indicated in parentheses. 

Structures of Mg(GSH-H)+ 
B3LYP/6-31+G(d,p) 

(For all atoms) 

O1GSH-Mg-V-A1,1a,3,4-iSH 0.0 (0.0) 

O1GSH-Mg-V-A1,1a,3,4-ib 2.2 (1.7) 

O1GSH-Mg-V-A1,1a,3,4-ic 7.5 (5.4) 

O1GSH-Mg-V-A1,1a,3,4-id 8.8 (7.5) 

O1GSH-Mg-V-A1,1a,3,4-ie 9.7 (8.8) 

O1GSH-Mg-V-A1,1a,3,4-if 12.2 (10.8) 

O1GSH-Mg-V-A1,1a,3,4-iiSH 14.2 (12.5) 

O1GSH-Mg-V-A1,1a,3,4-iib 21.8 (16.9) 

O1GSH-Mg-V-A1,1a,3,4-iic 22.0 (19.3) 

O1GSH-Mg-V-A1,1a,3,4-iid 25.7 (21.1) 

O1GSH-Mg-V-A1,1a,3,4-iie 24.0 (22.3) 

O1GSH-Mg-V-A1,1a,3,4-iif 24.3 (22.7) 

O1GSH-Mg-V-A1,1a,3,4-iig 24.1 (22.7) 

O1GSH-Mg-V-A1,1a,3,4-iih 24.2 (23.6) 

O4GSH-Mg-V-B1,1a,2,3,4-i 34.7 (25.4) 

O1GSH-Mg-V-A1,1a,3,4-iii 29.8 (25.5) 

O4GSH-Mg-V-A1,1a,3,4-iiia 46.2 (40.6) 

O4GSH-Mg-V-B1,1a,2,3,4-iSH 50.6 (44.5) 
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Table S3. 2: 298K relative enthalpies and Gibbs energies, in kJ mol‐1, of Ca(GSH-H)+. Relative Gibbs energies 

are indicated in parentheses. 

Structures of Ca(GSH-H)+ 
B3LYP/6-31+G(d,p) 

(For all atoms) 

O1GSH-Ca-V-A1,1a,3,4-iSH 0.0 (0.0) 

O1GSH-Ca-V-A1,1a,3,4-ib 5.6 (4.6) 

O1GSH-Ca-V-A1,1a,3,4-ic 9.3 (6.6) 

O1GSH-Ca-V-A1,1a,3,4-id 11.5 (7.7) 

O1GSH-Ca-V-A1,1a,3,4-ie 10.1 (7.8) 

O1GSH-Ca-V-A1,1a,3,4-if 10.3 (10.3) 

O1GSH-Ca-VI-A1,1a,2,3,4-iSH 11.2 (11.4) 

O1GSH-Ca-VI-A1,1a,2,3,4-ib 12.3 (12.4) 

O1GSH-Ca-VI-A1,1a,2,3,4-iiSH 12.8 (12.9) 

O1GSH-Ca-VI-A1,1a,2,3,4-ic 17.5 (16.3) 

O1GSH-Ca-VI-A1,1a,2,3,4-id 18.2 (16.8) 

O1GSH-Ca-VI-A1,1a,2,3,4-iib 18.9 (17.2) 

O1GSH-Ca-VI-A1,1a,2,3,4-iiia 15.8 (17.9) 

O1GSH-Ca-VI-A1,1a,2,3,4-iva 22.5 (18.5) 

O1GSH-Ca-VI-A1,1a,2,3,4-ie 18.0 (18.8) 

O1GSH-Ca-VI-A1,1a,2,3,4-ivb 18.3 (19.4) 

O1GSH-Ca-VI-A1,1a,2,3,4-if 22.3 (20.1) 

O1GSH-Ca-VI-A1,1a,2,3,4-ig 22.4 (21.6) 

O1GSH-Ca-VI-A1,1a,2,3,4-ivc 25.4 (22.4) 

O1GSH-Ca-VI-A1,1a,2,3,4-iiiSH 19.3 (22.8) 
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Structures of Ca(GSH-H)+ 
B3LYP/6-31+G(d,p) 

(For all atoms) 

O1GSH-Ca-VI-A1,1a,2,3,4-ivd 24.1 (22.9) 

O1GSH-Ca-VI-A1,1a,2,3,4-ih 27.3 (24.9) 

O1GSH-Ca-VI-A1,1a,2,3,4-ive 28.6 (26.6) 

O4GSH-Ca-V-B1 ,2,3,4,4a-ia 35.9 (26.7) 

O1GSH-Ca-VI-A1,1a,2,3,4-vSH 37.0 (41.0) 

O4GSH-Ca-V-B1,1a,2,3,4-iia 50.9 (43.9) 
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Table S3. 3: 298K relative enthalpies and Gibbs energies, in kJ mol‐1, of Sr(GSH-H)+. Relative Gibbs energies 

are indicated in parentheses. 

Structures of Sr(GSH-H)+ 
-B3LYP/6-31+G(d,p)/ 

(For C, H,N,O,S atoms) 

-B3LYP/Def2SVP (Sr) 

O1GSH-Sr-V-A1,1a,3,4-iSH 0.0 (0.0) 

O1GSH-Sr-V-A1,1a,3,4-ib 6.8 (4.9) 

O1GSH-Sr-V-A1,1a,3,4-ic 8.8 (7.0) 

O1GSH-Sr-V-A1,1a,3,4-id 11.0 (8.2) 

O1GSH-Sr-V-A1,1a,3,4-ie 10.3 (9.4) 

O1GSH-Sr-V-A1,1a,3,4-if 15.0 (11.3) 

O1GSH-Sr-VI-A1,1a,2,3,4-iSH 16.2 (15.0) 

O1GSH-Sr-V-A1,1a,3,4-ig 17.6 (15.2) 

O1GSH-Sr-VI-A1,1a,2,3,4-iiSH 20.9 (20.1) 

O1GSH-Sr-VI-A1,1a,2,3,4-ib 22.5 (20.2) 

O1GSH-Sr-VI-A1,1a,2,3,4-ic 23.2 (20.4) 

O1GSH-Sr-VI-A1,1a,2,3,4-id 23.1 (22.8) 

O1GSH-Sr-VI-A1,1a,2,3,4-ie 22.9 (23.1) 

O1GSH-Sr-VI-A1,1a,2,3,4-if 27.5 (23.9) 

O1GSH-Sr-VI-A1,1a,2,3,4-iib 27.2 (24.5) 

O1GSH-Sr-VI-A1,1a,2,3,4-ig 27.7 (25.6) 

O1GSH-Sr-VI-A1,1a,2,3,4-ih 27.6 (25.7) 

O1GSH-Sr-VI-A1,1a,2,3,4-iic 26.3 (26.1) 

O1GSH-Sr-VI-A1,1a,2,3,4-iid 30.4 (26.3) 

O1GSH-Sr-VI-A1,1a,2,3,4-iiia 32.3 (27.8) 
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Structures of Sr(GSH-H)+ 
-B3LYP/6-31+G(d,p)/ 

(For C, H,N,O,S atoms) 

-B3LYP/Def2SVP (Sr) 

O4GSH-Sr-V-B1,2,3,4,4a-ia 39.1 (28.3) 

O1GSH-Sr-VI-A1,1a,2,3,4-iie 33.3 (29.4) 

O1GSH-Sr-VI-A1,1a,2,3,4-iif 31.9 (30.2) 

O1GSH-Sr-VI-A1,1a,2,3,4-iig 36.4 (33.4) 

O4GSH-Sr-V-B1,2,3,4,4a-iiSH 53.0 (42.7) 

O1GSH-Sr-V-B1,1a,2,3,4-ia 47.5 (44.3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



177 

 

Table S3. 4: 298K relative enthalpies and Gibbs energies, in kJ mol‐1, of Ba(GSH-H)+. Relative Gibbs energies 

are indicated in parentheses. 

Structures of Ba(GSH-H)+ 

-B3LYP/6-31+G(d,p)/ 

(For C, H,N,O,S atoms) 

-B3LYP/Def2SVP (Ba) 

O1GSH-Ba-V-A1,1a,3,4-iSH 0.0 (0.0) 

O1GSH-Ba-V-A1,1a,3,4-ib 8.1 (6.1) 

O1GSH-Ba-V-A1,1a,3,4-ic 8.9 (7.2) 

O1GSH-Ba-V-A1,1a,3,4-id 11.7 (9.1) 

O1GSH-Ba-V-A1,1a,3,4-ie 10.0 (9.2) 

O1GSH-Ba-V-A1,1a,3,4-if 12.2 (10.5) 

O1GSH-Ba-V-A1,1a,3,4-iiSH 13.5 (12.0) 

O1GSH-Ba-VI-A1,1a,2,3,4-ia 12.1 (15.9) 

O1GSH-Ba-V-A1,1a,3,4-iib 22.1 (19.3) 

O1GSH-Ba-V-A1,1a,3,4-iic 23.8 (20.6) 

O1GSH-Ba-VI-A1,1a,2,3,4-ib 21.6 (21.7) 

O1GSH-Ba-V-A1,1a,3,4-iid 22.9 (22.5) 

O1GSH-Ba-VI-A1,1a,2,3,4-iiia 23.0 (22.7) 

O1GSH-Ba-VI-A1,1a,2,3,4-ivSH 23.3 (23.0) 

O1GSH-Ba-V-A1,1a,3,4-iie 24.1 (23.3) 

O1GSH-Ba-VI-A1,1a,2,3,4-ic 24.3 (24.5) 

O1GSH-Ba-VI-A1,1a,2,3,4-va 26.1 (25.2) 

O1GSH-Ba-VI-A1,1a,2,3,4-id 24.4 (25.6) 

O1GSH-Ba-VI-A1,1a,2,3,4-iSH 24.2 (25.9) 

O1GSH-Ba-VI-A1,1a,2,3,4-iiic 28.6 (26.1) 
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Structures of Ba(GSH-H)+ 
-B3LYP/6-31+G(d,p)/ 

(For C, H,N,O,S atoms) 

-B3LYP/Def2SVP (Ba) 

O1GSH-Ba-VI-A1,1a,2,3,4-if 26.1 (26.9) 

O1GSH-Ba-VI-A1,1a,2,3,4-vSH 25.6 (27.7) 

O1GSH-Ba-VI-A1,1a,2,3,4-ivb 29.9 (27.7) 

O1GSH-Ba-VI-A1,1a,2,3,4-ig 29.9 (29.2) 

O1GSH-Ba-VI-A1,1a,2,3,4-ivc 32.8 (29.3) 

O1GSH-Ba-VI-A1,1a,2,3,4-ivd 29.0 (29.5) 

O1GSH-Ba-VI-A1,1a,2,3,4-ive 41.8 (31.5) 

O1GSH-Ba-VI-A1,1a,2,3,4-via 35.6 (32.3) 

O1GSH-Ba-V-B1,1a,2,3,4-ia 33.4 (33.3) 

O1GSH-Ba-VI-A1,1a,2,3,4-vib 34.5 (33.4) 

O1GSH-Ba-V-B1,1a,2,3,4-ib 32.7 (34.8) 

O4GSH-Ba-IV-B1,3,4,4a-iSH 37.6 (35.5) 

O1GSH-Ba-VI-A1,1a,2,3,4-vic 38.5 (35.6) 

O1GSH-Ba-V-B1,1a,2,3,4-iiSH 33.3 (37.1) 

 

 

  



179 

 

8 Appendix C – Supplemental Information for Chapter 4 

 

 

  

Figure S4. 1:Blackbody infrared radiative dissociation first-order kinetics 

plots at different temperatures. 54-74 °C for the [Lys(GSH+H)]+. 

Figure S4. 2: Blackbody infrared radiative dissociation first-order kinetics plots at 

different temperatures. 44-74 °C for the [His(GSH+H)]+. 
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Figure S4. 3: Blackbody infrared radiative dissociation first-order kinetics plots at different temperatures. 20-74 

°C for the [Asn(GSH+H)]+. 

  

Figure S4. 4: Blackbody infrared radiative dissociation first-order kinetics plots at 

different temperatures. 54-74 °C for the [Gln(GSH+H)]+. 
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Figure S4. 5: Blackbody infrared radiative dissociation first-order kinetics plots at different 

temperatures. 20-74 °C for the [Asp(GSH+H)]+. 

Figure S4. 6: Blackbody infrared radiative dissociation first-order kinetics 

plots at different temperatures. 20-74 °C for the [Glu(GSH+H)]+. 
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Table S4. 1: Arrhenius activation energy E0(KJ mol-1)), logarithm of pre-exponential factors (log Aobs), entropy 

of activation DS†. 

Species 𝐄𝟎(KJ mol-1) 𝐋𝐨𝐠 𝐀𝐨𝐛𝐬 ∆𝐒† (J mol-1 K-1) 

[Asp(GSH+H)]+ 62.6±2.11 9.0±0.8 -80.6±3.1 

[Glu(GSH+H)]+ 71.4±3.02 10.1±1.1 -59.8±2.9 

[Gln(GSH+H)]+ 98.4±2.81 13.5±1.0 4.8±1.6 

[Asn(GSH+H)]+ 72.2±2.04 10.2±0.8 -57.8±1.9 

[Lys(GSH+H)]+ 114.3±6.10 14.8±2.2 30.1±1.9 

[His(GSH+H)]+ 109.5±1.08 14.9±3.9 32.4±3.7 

[Arg(GSH+H)]+ 94.4±5.49 12.5±1.9 -13.4±0.9 

 

 

 


